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The Bundelkhand massif of batholithic dimension occupies a 
vast area in central India. The batholith comprises of mainly granitoid 
plutons Other magmatic phases include pegmatites, aplites, rhyolilcs 
and mafic-ultramafic suites. The massif is traversed by a number ol 
quartz veins and basic dykes. Series of granitoids were emplaced into 
the basement consisting of gneisses, migmatites, banded iron fonnations, 
basic to felsic volcanics, etc. which probably represents an Archean 
greenstone belt. The granitoids were emplaced in an already deformed 
basement. The massif is covered by younger rocks of Bijawar and 
Vindhyan Groups and Indo-Gangetic alluvium. 
The Bundelkhand massif represents a complex protracted history 
of evolution during Archean - Paleoproterozoic. This study is aimed 
to understand the nature of the granitoids and their possible origin 
Efforts have also been made to analyse the geochemical characteristics 
of spatially distributed granitoids. Nature and possible origin oi' the 
mafic magmatic enclaves have also been studied. An attempt has also 
been made to decipher the geodynamic environment of the emplacemcnl 
of the granitoids. 
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On the bases of field relations, three genetically and 
compositionally distinct granitoid phases have been deciphered and 
delineated. These phases are hornblende granitoid, boitite granitoid 
and leucogranitoid, in order of age. Field evidence support an igneous 
origin of the granitoids. Although the granitoids are mostly underformed, 
at places, they have suffered shearing and as a result have acquired 
foliation. Sometimes the shearing has converted the granitoids to 
schistose rocks. 
Hornblende granitoid, a dark coloured rock, is the oldest granitoid 
phase of the massif. The granitoid is massive and compact, the gram 
size is coarse and uniform. The biotite granitoid exhibits porphyritic 
texture and is intrusive into hornblende granitoid. The leucogranitoid 
is the youngest granitoid phase, its grain size varies from fine to coarse. 
The massif hosts a number of mafic magmatic enclaves of varying 
shape, size, orientation and composition. 
The Bundelkhand granitoids are one-mica granitoid containing 
biotite only. Other primary phases are quartz, plagioclase and K-
feldspars. Hornblende is present only in the two older granitoid phases 
i.e. hornblende granitoid and biotite granitoid. The older hornblende 
granitoid and biotite granitoid have higher modal proportion of 
ferromagnesian minerals and plagioclase. In younger leucogranitoid 
ferromagnesian constituents are negligible; whereas the content of K-
feldspars and quartz concomitantly increases in leucogranitoid 
Magnetite when present occurs in general in association with hornblende 
and biotite. The mafic magmatic enclaves are composed of pyroxene, 
hornblende, plagioclase and magnetite. Apatite in general is acicular 
in enclaves, whereas it is stubby in the host granitoids. The enclaves 
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are invariably finer grained than their host and exhibit magmalic 
texture. The granitoids cover a large compositional spectrum on lUOS 
(modal) classification scheme and define a calc-alkaline granodioritc 
(medium-K) trend. 
Field, mineralogical and geochemical characteristics point to 1-
type nature of the granitoids. However, increasing assimilation of 
crustal rocks has imparted peraluminous characteristics to the later 
phases. Early crystallization of hornblende may also account tor 
peraluminous nature of the later phases of the granitoids. Majority of 
the granitoids exhibit calc-alkaline nature on AFM and ternary diagrams 
based on Al- Fe + Ti - Mg and K - Na - Ca. Mafic magmatic enclaves 
show alkaline affinity on AFM diagram. However, on R1-R2 
multicationic diagram, different granitoid phases range from calcic 
through calcalkalic to alkalic - calcic. K/Rb values for different phases 
of Bundelkhand granitoids range from 95 to 375 which is, in general, 
compatible with calc-alkaline suites else where. The older phases of 
the granitoids are metaluminous, whereas the younger ones are 
peraluminous. The granitoids show cafemic to alumino-cafemic 
magmatic associations. 
Almost all major elements exhibit linear to near-linear trends 
against SiO,. A wide scattering is observed for all the trace elements 
on Harker's diagram. The curved trend on CaO vs.SiO, is indicative 
of hornblende fractionation. The inter-elemental relationship of Rb 
and Sr may be correlated with biotite and plagioclase fractionation 
The variation trends of Sr vs. Ba reflect biotite and K-feldspar 
fractionation. Twp distinct trends can be discerned from TiO, vs / r 
diagram The trend shown by hornblende granitoids is consistent with 
biotite fractionation, whereas the rest of the granitoids correspond to 
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fractionation trends produced by plagioclase and biotite and/or 
hornblende. 
The granitoids as well as the mafic magmatic enclaves display 
LREE enrichment pattern. The Yb contents of the hornblende granitoids 
are similar to the classical Archeantonalite, trondhjemite, granodionte 
suites where Yb content is low, Yb^ < 8.5, whereas the biotite 
granitoids and the leucogranitoids, in respect of high Yb contents (4 5 
< Yb^ < 20) are more akin to post-2.5 Ga granitoids emplaced in a 
subduction zone environment. Almost all samples have negative Hu 
anomalies except for a few which have either no anomaly or slightly 
positive Eu anomaly. The fractionated REE patterns and HREE 
depletion may point to retention of garnet and/or hornblende in residue. 
The REE patterns of the granitoids in general, closely correspond to 
those of calc-alkaline volcanic arc rocks of continental margin 
magmatism. 
Majority of the biotite granitoids and leucogranitoids plot between 
cotectic 1 and 4 Kb water vapour presure. The hornblende granitoids 
mostly plot well below 4 Kb cotectic curve on the normative Qz-Ab-
Or diagram. The granitoids as a whole define a path which is very close 
to the experimentally determined path followed by a trachytic liquid 
fractionating a single feldspar and evolving towards a quarternary 
minimum. Early crystallization of hornblende and biotite, lack of 
pyroxenes and presence of alkali-feldspar phenocrysts may point to 
greater than 4 or 5% water content in the melt. The temperature of 
formation of the granitoids as depicted by M parameter is inferred to 
be between 800 °C to 950 °C . ^ .- r 
T-^ i 5 5 1 
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Fractional crystallization is not considered to be the dominant 
process for the evolution of the massif because inter-elementiil 
relationship do not show variation trends expected for a composite 
massif evolved by fractional crystallization process from a common 
parent magma. On Zr vs. TiO^ diagram, the trend shown by the 
hornblende granitoids does not coincide with the trend produced by the 
rest of the granitoids, indicating thereby that all the graitoid types are 
not comagmatic. Further, the broad gentle slopes on compatible vs. 
imcompatible elements diagrams are not consistent with fractional 
crystallization model. Although the granitoid samples sometimes fol Iow 
the predicted trends of simple two end-member mixing model, the 
model is hard to reconcile with the great scattering of data, particularly 
of the trace elements on element-element plots. Restite unmixing 
model also does not seem to be a viable mechanism since the strong 
linear correlation for every element on element - element plot which is 
implicit in restite model is not observed for the granitoids. Also, no 
restite phase has been observed. 
Plots of compatible vs. incompatible elements of Bundelkhand 
granitoids define a broad gentle slope closely following the assimilation-
fractional crystallization trends. From the gentle slope of Rb vs. Sr and 
Ba vs. Ni and Co, partial melting trend can be deciphered. It may be 
concluded that the dominant process for the evolution of the granitoids 
is partial fusion; the magma at a later stage may have undergone 
assimilation-fractional crystallization. The I-type geochemistry, 
metaluminous nature, low values of Rb/Sr and cafemic magmalic 
associations of the hornblende granitoids are indicative of derivation 
of the hornblende granitoids from mantle sources. The cafemic to 
aluminocafemic magmatic association, metaluminous to peraluminous 
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nature of the biotite granitoids and leucogranitoids may be considered 
to have been generated from mantle or from a hybrid source of mantle 
and crust with major contribution from mantle. Y/Nb ratio of the 
granitoids is in general > 1.2 which is a characteristic geochemical 
feature of magmas derived from sources chemically similar to island 
arc. 
The mafic magmatic enclaves are enriched in Ba, Rb, Sr, K and 
P. They are also enriched in LREE and contain higher amount of HRIIH 
than do their host granitoids. These features coupled with the enrichment 
of Ba, Rb, Sr, K and P can be explained by metasomatic enrichment of 
mantle source by LILE, LREE and PjOj. It is suggested that basic 
magma produced by partial melting of mantle wedge which was 
enriched by subduction zone components was ripped off and carried by 
granitic magma. From field, pertrographical and geochemical 
characteristics, it is contented that the mafic magmatic enclaves do not 
represent restite phases. 
The granitoid samples show affinity of volcanic arc tectonic 
setting on a number of tectonic discriminant diagrams. Multi-element 
spidergrams also point" to similar tectonic environment. The 
Bundelkhand granitoids show selective enrichment of Th compared to 
Ta and follow the trend of subduction related source variation trend 
The granitoids of the massif show a progressive change in composition 
from calc-alkaline in the southern region to alkali-calcic in the northern 
region. The change in composition is linked to increase in arc maturity 
Other geochemical trends suggest that the Bundelkhand arc matures 
from south to nort^i. 
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On the bases of field and geochemical features akin to volcanic 
arc graitoids, it is proposed that the granitoids of Bundelkhand massil 
represent an arc-related tectonic setting associated with subduction of 
an oceanic plate under a continental margin. The gravity high and the 
occurrence of mafic-ultramafic suites on the southern margin of the 
massif may indicate possible ophiolite (?) obduction or existence of an 
oceanic crust and consequent subduction of the oceanic crust in the 
southern portion of the massif. The apparent lack of typical ophiolite, 
blue schist facies metamorphic rocks and continental sedimentary 
rocks can alternatively be accounted for by invoking "A-subduction" in 
which subcontinental lithosphere sinks in an ensialic environment. The 
basic dyke swarms which have pervasively invaded the massif can also 
be linked to A-subduction. 
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CHAPTER - I 
INTRODUCTION 
INTRODUCTION 
The Bundelkhand massif of late Archean to Paleoproterozoic age 
lies in between the Aravallis and the Satpura orogenic belts and forms 
a semicircular to triangular outcrop. It occupies an area of about 
26,000 sq km covering the southwestern part of Uttar Pradesh and 
northeastern part of Madhya Pradesh in central India. The massif is 
mainly composed of granitoid rocks. It is overlain by the Bijawar 
Group of rocks comprising metamorphosed sediments of 
Paleoproterozoic age towards the southeast and south of the massif and 
by the Vindhyan Group of sediments of Neoproterozoic age towards 
south, west and southeast; the northern portion is covered by Indo-
Gangetic alluvium (Fig. 1). 
Previous investigations on Bundelkhand massif have been mainly 
restricted to the determination of the petrological diversity of the 
massif; the informations so far available are generally sketchy or 
incomplete. Detailed investigations have not been carried out to 
discriminate and delineate the different magmatic episodes and to 
elucidate the tectonic setting of emplacement of the granitoids. The 
basement into which the granitoids were emplaced has remained poorly 
defined. The nature and origin of the enclaves are yet another 
unresolved problem. The study so far carried out has mainly been 
localised and cursory and as a result, the problems have remained 
enigmatic and controversial. 
Purpose of Study 
Recent work (Rahman and Zainuddin, 1993; Zainuddin et al , 
1992) reveals that the granitoids of the Bundelkhand massif represent 
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collision -related magmatism. The inference is based on the geochemical 
characteristics of the granitoids in parts of Hamirpur district in the 
northeastern portion of the massif. 
The present work is aimed to understand the nature of the 
granitoids and the tectonic evolution of the massif. Since the 
geochemical signatures of the granitoids indicate a subduction-relaled 
magmatism, studies have also been undertaken to correlate the 
geochemistry of spatially distributed granitoids with a view to 
understand the arc maturity trends. This work also takes into account 
the mafic magmatic enclaves which are very widespread within the 
massif. Nature and possible origin of these enclaves have also been 
studied. 
Geography of the Area 
The Bundelkhand massif is encompassed approximately between 
24°30' N and 26° N latitudes and 77°30' E and 81°E longitudes it 
occupies a large area in central India covering parts of Uttar Pradesh 
and Madhya Pradesh. 
Rolling plains with numerous hillocks and elongated quartz 
ridges dominate the topography of the region. The quartz veins stand 
out prominently and comprise the most spectacular landmark, running 
at some places for several kilometres. The outcrop density of the 
region is low (less than 20%). The isolated hillocks are separated by 
vast soil cover. 
Most of the study areas are accessible by motorable roads 
Important towns are connected by metalled roads. Central Railway 
Main line and National High Way No. 26 pass through the area The 
climate is semi-arid; the vegetation is sparse and mostly xerophytic 
The region is drained by a number of streams; Betwa, Jamini, Dhasan 
and Ken rivers constitute the major drainage systems. The rivers flow 
in the N-S direction. 
Scope of the Work 
In the course of study, a total area of about 225 sq km was 
geologically mapped in detail on 1:20, 000 scale. The area mapped is 
bounded approximately between latitudes 24°45' N to 25° N and 
78°] 5'E to 78°25' E longitudes and lies in between Jhansi and Lalitpur 
towns. Other parts of the massif were also studied during the field 
surveys from 1991-1994; the areas include Jhansi, Orchha, Jakhaura, 
Lalitpur, Mahroni, Narhat, Girar, Madaura, Sonrai, Mahoba and Naraini 
(Fig. 1). Survey of India quadrangle topographical sheets (First edition 
surveyed during 1971-1972) were used as base map for field 
investigations and geological mapping. 
The following aspects constitute the scope of this work : 
- geological mapping of selected areas 
- delineation of genetically different granitoid phases from field 
observations 
- establishing the sequence of major magmatic episodes 
- nature and composition of pre-granitoid basement components 
- to study the spatial changes across the massif 
- collection of samples which include different granitoid phases, 
basic dykes and mafic magmatic enclaves 
- modal and textural studies of the samples on thin sections 
- geochemical analyses of major and trace elements including rare 
earth elements of whole rock samples of different granitoids and 
mafic magmatic enclaves 
- petrogenesis of the host granitoids and the mafic magmatic enclaves 
- elucidating a comprehensive tectonic model for the evolution of 
the massif. 
Previous Research 
Early workers (Misra, 1948) drew attention to the petrological 
diversities of Bundelkhand granites. Later, Misra and Sharma (1974), 
on the bases of modal analyses and major element geochemistry, 
observed that there were large compositional variations within the 
granites; the two main types being K-rich and K-poor granite. Mathur 
(1954) and Saxena (1956) observed the presence of quartzite enclaves 
in the granites and inferred that the granites have formed by granitization 
of quartzites. Misra and Sharma (1975) reported the occurrence of 
quartzites, limestones, syenites, carbonatites and keratophyres in the 
Bundelkhand region. The petrological evolution of the massif was 
studied by Saxena (1961); he correlated Bundelkhand granites with 
Closepet granite and suggested a metasomatic origin of the granites in 
Bundelkhand region. 
Sharma (1983) opined that movements along the tectonic zone of 
Son-Narmada lineament may have some important bearing on the 
evolution of the massif. Das et al. (1982), on the basis of the positive 
correlation of K,0 vs. A1 fi^ in the Bundelkhand granites, proposed an 
igneous origin of the granites. Magmatic origin of the granites is also 
proposed by Alam and Zainuddin (1981). 
.Ihingran (1958) distinguished ten types of granites on the bases ol 
grain size, colour of feldspars and presence or absence of ferromagnesian 
minerals. Saha (1979) opined that the massif is a composite body 
consisting of several granitic and gneissic phases of adamelhtic-
monzonitic compositon. Three main episodes of granitic activity have 
been deciphered by Basu (1986); these are porphyritic coarse grained 
granite, porphyritic medium grained granite and non-porphyritic to 
sparsely porphyritic medium to fine grained leucogranite. 
Sarkar etal. (1969), by dating hornblende and biotite minerals using 
K-Ar technique, suggested that granitization came to an end during 
2500 to 2400 Ma. Crawford (1970) assigned an errorchron age of the 
massif as 2500 Ma by Rb-Sr total rock dating methods. Sarkar et al 
(1984) reported the whole rock Rb-Sr isochron age of 2359 + 53 to 
2246 + 78 Ma for different granitic phases of the massif. 
CHAPTER - II 
GEOLOGICAL SETTING 
GEOLOGICAL SETTING 
The Bundelkhand massif is delineated towards south by the Son-
Narmada hneament running nearly east-west along 24°N latitude, by 
the Great Boundary Fault towards west and by the Indo-Gangetic 
alluvium in the north (Fig. 2). The geology of this region is complex 
because the massif represents a checkered history of evolution with 
contrasting petrological units. The greatest hindrance to detailed study 
is due to the low density of the outcrops which are isolated and 
separated by vast soil cover.The outcover density is about 20%, The 
dominant magmatic episode has been the series of granitoid intrusions 
which in all probability has masked many earlier events. Isolated 
outcrops which form the hillocks are often disintegrated along joint 
planes to produce blocks of tens of metres in dimension. 
Geologists have been working on the Bundelkhand massif since 
more than a century; various workers have proposed different 
stratigraphic sequence for the region. Pascoe (1950) and Chatterji et 
al. (1971) worked out the stratigraphy of the region as follows : 
Malwa (Deccan) Traps (Cretaceous - Eocene) 
Vindhyan Supergroup (1500-550 Ma) 
Unconformity -
Bijawar and Gwalior Group (2400-2300 Ma) 
— — Unconformity 
Bundelkhand granite complex (2600 Ma) 
Mahroni Formation (Archean) 
Out of a number of different stratigraphic sequences available in 
literature, the one proposed by Basu (1986) seems to be most tenable 
( Table 1). 
Fig. 2 Major lineaments in Bundelkhand region based on LANDSAT imagery 
(Basu, 1986). 
Field Descriptions 
On the bases of field relations, three genetically and 
compositionally distinct granitoid phases have been deciphered and 
delineated, these are hornblende granitoid, biotite granitoid and 
leucogranitoids in order of age. The different granitoid types have been 
named according to their megascopic characteristics. The massif is 
traversed by a number of quartz veins, popularly known as quartz 
reefs. The general trend of the quartz veins is NE-SW. The massif is 
also intruded by a number of basic dykes which trend mostly NW-SE 
which cut across the NE-SW trending quartz veins. Three sets of 
lineaments : (i) NE-SW, (ii)ENE-WSW and (iii) NW-SE are prommently 
developed within the massif. Abundance of the lineaments in the 
southern portion of the massif is noteworthy (Fig. 2). 
The age relationship of different petrological units as inferred 
from field observations is given below : 
Basic dykes (youngest) 
Quartz veins 
Rhyolitoids, Pegmatites 
Mafic-Ultramafic suites 
Leucogranitoids (LG) 
Biotite Granitoids (BG) 
Hornblende Granitoids (HG) 
Pre-granitoid basement components comprising gneisses,banded 
iron formations with other metasediments, mafic, ultramafic and 
felsic volcanics and migmatites (greenstone belt ?). 
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Table 1. Stratigraphic successions of the Bundelkhand massif (Basu, 1986) 
Dol elites 
Quartz reefs (with pyrite, chalcopyrite, 
pyrophyllite and diaspore) 
Aplite 
Esmeraldite 
Porphyries 
Pegmatites 
Leucocratic granites 
Migmatites 
Syenites 
Medium grained porphyritic granites 
Coarse grained porphyritic granites 
Coarse biotite granite 
Gneisses 
Unconformity 
Banded iron formations 
Metabasites 
11 
The geological map of the study area is given in Fig 3 The 
different petrological units delineated are pre-granitoid basement 
components, hornblende granitoids, biotite granitoids, leucogranitoids, 
rhyolitoids, quartz veins and basic dykes 
BASEMENT COMPONENTS 
The granitoids were emplaced into a basement consisting of 
gneisses, migmatites, banded iron formations and other metasediments, 
basic to felsic volcanics etc which probably constituted an Archean 
greenstone belt The basement components occur as enclaves within 
the massif The gneissic rocks are exposed mainly in the northern part, 
the banded iron formations are unevenly distributed within the massif 
The banded iron formation as well as the gneisses are intensely 
deformed, whereas the intruding granitoids are generally undeformed 
This indicates that the granitoids were emplaced in an already deformed 
basement 
Basement Gneisses 
Exposures of gneissic rocks are observed at a number of places, 
particularly in the northeastern part of the massif around Mahoba and 
Kabrai Gneissic outcrops are extensively developed in an area, 11km 
away from Mahoba towards Charkhan on Mahoba-Charkhari road 
side Enclaves of gneisses, about 6" x 4" in size are found in granitoids 
Post-tectonic porphyroblasts of feldspars have developed in the gneisses 
as a result of metamorphism due to later intrusion of granitic magma 
The biotite rich bands and quartzofeldspathic bands of the 
gneisses show tight isoclinal folds Gneissic rocks near Charkhan are 
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Fig. 3 Geological map of Bundelkhand granitoid massif near Lalitpm- Symbols 
HGhornblende granitoids, BGbiotite gramtoids, LGleucogramtoids. RH 
rhyolitoids, QV quartz vems, BD basic dykes 
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highly deformed, whereas those in Kabrai area are undeformed Near 
Kabrai, at Loda Pahar, the gneisses have suffered shearing; the shear 
plane strikes EW and dips 50°S. Near village Purana Sukwan, the shear 
plane strikes EW and is almost vertical. Near Tisgawan village, the 
gneissic rocks contain porphyroblasts of quartz and feldspar with 
sigmoidal fractures developed due to shearing. 
NE- trending micro-faults have displaced the bands of gneisses 
nearBabina, the fault planes have been filled by silica (Fig. 4). These 
quartz-filled NE-trending tensional micro-fractures epitomise the 
spectacular NE- trending major quartz veins running for kilometres 
together. The sense of movement along the NE-trending fracture is 
sinistral. At the same locality, N-S trending fault is also observed (Fig 
5). The fault has displaced the gneissic bands, but the fracture, in 
contrast to the NE-trending fractures shows dextral sense of movement 
and is filled by chloritic material. N-S trending fracture is concluded 
to be younger than NE-trending fracture from their cross cut relationship. 
Slippage in gneissic rock is encountered near Babina; the slip plane 
trends NE and is filled by feldspathic material. 
The gneiss is intruded by porphyritic rhyolitoid rock at a place 
near Babina. The contact zone between the gneiss and the porphyritic 
rhyolite is about 1 m wide and is composed of a fine grained rock 
having flow texture (Fig. 6). This fine grained material with flowage 
texture may be the frontal phase of moving liquid. However, at a few 
places, the gneiss and the porphyritic rhyolitoid show sharp contact 
without any fine grained material at the contact. The rhyolitoid is 
undeformed, whereas the gneiss is highly deformed. This may indicate 
a younger age of the rhyolitic rock compared to the gneiss; the 
rhyolitoid was emplaced after deformation of gneiss. 
Fig. 4 : Photograph showing NE- trending microfauh filled with quartz in gneiss 
near Babina. Diameter of the coin 25 mm. 
Fig. 5 : Photograph showing N-S trending microfault filled with cHlorite in gneiss 
near Babina. Diameter of the coin 25 mm. 
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The gneisses exhibit medium to coarse grained texture and have 
enclaves of basic rock (Fig. 7). The foliation, at places, is poorly 
developed. The gneissic bands are tightly folded; the axes of folds 
follow the direction of gneissic folia which is almost WNW-ESE 
Folding of gneissic bands took place before granitoid intrusion as m 
inferred by undeformed nature of host granitoid. From field observations, 
it IS concluded that the gneisses formed part of the basement into which 
granitoids were emplaced. 
Banded Iron Formation 
Banded iron formations (BIF) have been observed at a number of 
places within the granitoids in the massif. The areas where these rocks 
have been observed are located near Girar, Babina and Mau Ranipur. 
The BIF rocks are composed mainly of banded quartz magnetite; 
banded mangnetite and amphibolite are also observed. Most of the BIF 
rocks are tightly folded. The general strike of the BIF which are 
detached sometimes by 100 km is noteworthy. 
At Bania ghat near Girar at the base of Dhasan river, ultramafic 
rocks alongwith BIF are observed. The ultramafic rock is intersected 
by two sets of conjugate fractures trending N 30° E and N 40° W The 
BIF overlies the ultramafics. At places, ultramafics occur as 
intercalations within BIF. Tight isoclinal fold in BIF is observed at 
Girar. Similar isoclinal folds are also found in the gneisses of Charkhari 
It seems that the BIF and the gneisses were deformed synchronously 
and form part of the basement rock of the granitoids. 
The BIF rocks of Babina area, in contrast to those from Girar 
which are hard and compact, are fissile in nature. The general strike of 
16 
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Fig. 6 : Sketch of the contact zone of the porphyritic rhyoUtoid and gneiss near 
Babina. 
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the BIF rocks, like others from different areas, is almost E-W. The main 
ridge of BIF near Babina has been displaced sinistrally for about I km 
by NE-trending quartz vein. 
A synformal hillock of BIF is present at Mau Ranipur. Gneisses 
constitute the basement for the BIF in the area. The major constituents 
of the BIF are banded quartz magnetite and amphibolite. The Mau 
Ranipur BIF body maintains the same E-W strike like other BIF bodies 
within the massif. 
The remarkable similarity in lithology of BIF and the E-W strike 
of the widely separated BIF bodies within the massif need to be given 
special consideration. One plausible explaination may be that the BIF 
rocks were deposited in widely separated narrow parallel troughs. The 
intrusive nature of the granitoids into the iron formation observed at 
Parsada village near Solda indicate an older age of the iron formation. 
The BIFs are tightly folded, whereas the granitoids are rarely folded. 
This observation supports the pre-granitoid origin of the BIF. 
GRANITOIDS 
The dominant magmatic phases in the Bundelkhand region are 
the series of granitoid intrusions. Field observations have revealed the 
occurrence of a number of genetically different phases of granitoid 
within the massif. The granitoids are heterogeneous in nature. It 
appears that a number of intrusions have coalesced to give rise to a 
pluton of batholithic dimension. The plutons are generally circular to 
elliptical in shape. 
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Earlier workers who have studied different parts of the massif 
have recognised a varying number of granitoid phases on the bases of 
changes in colour, texture or mineralogy. However, in this study, 
genetically different types of granitoid have been identified on the basis 
of their field relations. Three granitoid series which are composition-
ally distinct and genetically different have been deciphered and delin-
eated These are hornblende granitoids, biotite granitoids and 
leucogranitoids in the younging age sequence. 
Field evidence support an igneous origin of the granitoids, no 
evidence favouring metasomatic or metamorphic origin of the granitoids 
have been observed The granitoid plutons are mostly undeformed 
compared to the basement gneisses and BIFs. However, the granitoids, 
at places, have suffered shearing and acquired foliation The massif is 
a composite body with a number of genetically different lithounits The 
nature of contact of the granitoids with the gneisses varies from sharp 
to gradational, whereas that with the BIFs is always sharp 
Hornblende Granitoid (HG) 
Dark coloured hornblende bearing rock, termed hornblende 
granitoid, IS the oldest granitoid unit of the massif The granitoid is 
very massive and compact, the grain size is coarse and uniform The 
high concentration of ferromagnesian constituent, hornblende along-
with biotite, imparts dark colour to the rock 
The granitoid body occurs as rounded boulders, in a locality 
approximately 1 km west of Jakhaura along the Kherar Nala Another 
important outcrop of this rock is located about 4 km southwest of 
Jakhaura along the road between Jakhaura and Lagon The granitoid 
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outcrops rarely form hillocks in this region. However, near Mahoba 
Railway Station, small hillocks are composed of hornblende granitoid 
Veins of biotite granitoid have intruded the hornblende granitoids. 
Along the Mahoba- Charkhari road, HG having large phenocrysts of 
feldspars is found to be intrusive into the gneisses. Near Tendu ghat 
along the Madaura-Girar road, HG is found to have acquired foliation. 
The HG is, in general, undeformed compared to the gnessic rocks 
except for shearing which has, at places deformed the HG. Near village 
Rasina, the HG has been affected by NW-trending shearing and as a 
consequence HG has acquired foliation with a NW strike. At the same 
location, basic enclave is encountered in HG; the NW-trending shear 
has affected both enclave and the HG (Fig. 8). Quartzitic enclaves have 
been observed in HG. Near village Purana Sukwan, nearly vertical E-
W trending shearing plane is observed. The shear has produced 
schistosity in HG (Fig. 9). Near Babina, enclave of gneissic rock is 
found in hornblende granitoid (Fig. 10). Rhyolitic volcanism is sus-
pected to have occured contemporaneously with the HG. NE-and NW-
trending conjugate fractures are prominent in HG. Sulphide 
mineralisation is also found to have occured along these fractures in 
HG. 
Biotite Granitoid (BG) 
The biotite granitoid, a pink coloured coarse to medium grained 
rock, is intrusive into HG. The main ferromagnesian mineral being 
biotite, the granitoid has been termed biotite granitoid. The important 
outcrops of the granitoid phase is located near Agar, Chitra and Baroda 
Suami. The biotite granitoid exhibits foliation near village Jamora; the 
Fig. 7: Photograph to show the enclave ofbasic rock (hammer) in gneiss (G) near 
Babina. 
Fig. 8: Photograph to show basic enclave (hammer) in hornblende granitoid (HG) 
near Babina. 
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ferromagnesian minerals have 1:5 elongation. It is observed that the 
foliation is locally developed, Biotite granitoids have been traversed 
by thin veins of basic rocks; these veins may probably be related with 
the basic dyke nearby. 
The biotite granitoid exhibits porphyritic texture, the phenocrysts 
are composed mainly of feldspars. The granitoid contains mafic 
magmatic enclaves. Near Mahoba Railway Station, the BG has spotted 
appearance due to clusters of biotite. Near Mahroni, the biotite 
granitoid exhibits mafic clots which on weathering gave pitted appear-
ance. 
At a number of places, including village Imalia, isolated small 
outcrops, about 10' x 20' in area, of white coloured mesocratic granite 
containing relatively larger quantity of ferromagnesian minerals, occur 
with the pink biotite granitoid. The pink biotite granitoid and the grey 
biotite granitoid exhibit similar textural features. No clear cut age 
relationship of these two rocks are available in the field. However, on 
close observation, it is revealed that the change in colour from pink to 
grey is gradational within the body and hence it is concluded that 
variation in colour is only superficial physical phenomenon having no 
genetic significance. 
Around village Karitoran, BG is highly sheared and is trans-
formed to a schist. Localised shearing and post-deformational 
porphyroblasts of K-feldspars are observed in BG. Biotite granitoid is 
found to be intrusive into a rhyolitic rock at a place near Jharar ghat, 
vein of BG has intersected the rhyolite. Enclaves of rhyolite is found 
in BG (Fig. 11). The rhyolite appaers to be a component of the pre-
granitoid basement. Near village Rasina and Simrai. enclaves of 
Fig. 9 : Photograph of enclave of gneiss (G) in hornblende granitoid (HG) near 
Babina. 
Fig. 10: Photograph to show hornblende granitoid converted to schistose rock near 
Parana Sukwan. Length of the photograph 1.5 m. 
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hornblende granitoid (HG) is found in BG. Enclaves of HG in BG are 
also observed in Jhansi (Fig. 12); the figure shows that thin vein of BG 
extends into the HG enclave. Thus, from field observations it is 
concluded that BG is younger than HG. 
Near Ghughuwa Rest House, three sets of fractures : (i) strike N 
30°E, dip 85° westwards (ii) strike N 45° W, dip 85° towards NE and (iii) 
strike N 80° E, dip vertical, are developed in biotite granitoid. Fig. 13 
shows that N 30° E quartz vein is displaced by N 80° E fracture 
dextrally. Two generations of quartz veins have intersected the BG. 
NW-trending quartz vein has displaced NE-trending quartz vein (Fig. 
14) indicating that the NW-trending fracture is younger than NE-
trending fracture. A N-S trending fracture is also prominently devel-
oped in BG, the N-S fracture consists of a system of fractures and is 
filled by secondary chlorite and epidote. From field evidence it is 
concluded that the N-S fracture is the youngest fracture developed in 
the rock. 
Leucogranitoid (LG) 
The outcrops near village Kotra comprise of mainly a coarse 
grained leucocratic granitic rock, which is referred to as leucogranitoid. 
Important occurrence of this granitoid phase are located near Pipra, 
Chhipai, Raipur and Kanchanpura. The outcrop density is low in this 
area. The small scattered outcrops of this granitoid phase pose great 
difficulty in establishing any genetic relationship of this granite with 
others. However, veins of LG are found to have traversed biotite 
granitoid indicating a younger age of LG than biotite granitoid Along 
Mahoba-Charkhari road, veins of LG are observed to be intrusive into 
BG. 
Fig. 11 : Photograph showing enclave of rhyolite (R) in biotite granitoid (BG) near 
Jhararghat. 
Fig. 12 : Photograph of enclave of hornblende granitoid (HG) in biotite granitoid 
(BG) near Jhansi. 
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hornblende granitoid (HG) is found in BG. Enclaves of HG in BG are 
also observed in Jhansi (Fig. 12); the figure shows that thin vein of BG 
extends into the HG enclave. Thus, from field observations it is 
concluded that BG is younger than HG. 
Near Ghughuwa Rest House, three sets of fractures : (i) strike N 
30°E, dip 85° westwards (ii) strike N 45° W, dip 85° towards NE and (iii) 
strike N 80° E, dip vertical, are developed in biotite granitoid. Fig. 13 
shows that N 30° E quartz vein is displaced by N 80° E fracture 
dextrally. Two generations of quartz veins have intersected the BG. 
NW-trending quartz vein has displaced NE-trending quartz vein (Fig. 
14) indicating that the NW-trending fracture is younger than NE-
trending fracture. A N-S trending fracture is also prominently devel-
oped in BG, the N-S fracture consists of a system of fractures and is 
filled by secondary chlorite and epidote. From field evidence it is 
concluded that the N-S fracture is the youngest fracture developed in 
the rock. 
Leucogranitoid (LG) 
The outcrops near village Kotra comprise of mainly a coarse 
grained leucocratic granitic rock, which is referred to as leucogranitoid. 
Important occurrence of this granitoid phase are located near Pipra, 
Chhipai, Raipur and Kanchanpura. The outcrop density is low in this 
area. The small scattered outcrops of this granitoid phase pose great 
difficulty in establishing any genetic relationship of this granite with 
others. However, veins of LG are found to have traversed biotite 
granitoid indicating a younger age of LG than biotite granitoid. Along 
Mahoba-Charkhari road, veins of LG are observed to be intrusive into 
BG. 
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The LG is greyish white to greyish pink in colour which becomes 
reddish on weathering. The grain size of LG varies from fine to coarse 
and contain minor amount of ferromagnesian constituents. LG appears 
to be the youngest granitic phase and mark the culmination of major 
granitic activity in this region. 
The contact of LG with BG has been found to be very sharp and 
shows no evidence of reactions of LG liquid with host rock. This may 
suggest very low temperature of LG magma at the time of intrusion. The 
LG veins have segregation of biotite. Biotite is the only ferromagnesian 
constituent and occurs in very small concentration. 
OTHER MAGMATIC PHASES 
In Bundelkhand massif, large scale granitoid magmatism was 
followed by a number of other intrusions such as mafic-ultramafic 
magmatism, rhyolite extrusives, emplacement of pegmatite, quartz 
veins and basic dykes. Veins of aplites are alos observed within the 
massif. Mafic-ultramafic suite is confined at the southern margin of the 
massif. Quartz veins were emplaced predominantly along NE-trending 
tensile fractures whereas, basic dykes mostly intruded along NW-
trending fractures. 
Mafic-Ultramafic Suite 
A composite body of mafic and ultramafic rocks occurs in 
Madaura area in the southern parts of the massif. Madaura ultramafic 
body is composed of alternate layers of serpentinite and gabbro. 
Peridotite is exposed about 1 km south of Madaura on the Madaura-
Sonrai road side. The ultramafic rocks are generally nonfoliated and 
Fig. 13 : Photograph showing NE - trending quartz vein (QV) displaced by NW -
trending fracture near Ghughuwa. Length of arrow indicating N is 15 cm. 
Fig. 14 : Photograh showing NE - trending quartz vein (VI) displaced by NW-
trending quartz vein (V2) near Ghughuwa. 
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occur as small isolated bodies Small outcrops of tremolite-actmolitc 
schist are observed near village Kakarwao Gabbroic rocks are 
encountered about 2 km away from Madaura on the Madaura-Sonrai 
road side. Hornblendite dyke is found to have intruded into granitoids 
The hornblendite dykes show spotted appearance, the pitted surface is 
possibly due to removal of olivine by weathering. Hornblendite dyke 
IS also exposed near Rohini dam and Larai village. Near Rajola, 
jaspelite and hornblendite are found to be intrusive into the granitoids 
The mafic-ultramafic rocks which occur in association with BIF 
either at the base of the BIF or as intercalations within BIF are older 
and constitute parts of the basement into which granitoids were 
emplaced. These suite of rocks have been discussed earlier alongwith 
gneisses and BIF. 
Rhyolitoid Rocks 
Two types of rhyolitoid rocks are found in the Bundelkhand 
massif, one associated with basement components into which granitoids 
where emplaced i.e. older than the granitoids and the other is intrusive 
into the granitoids. Description of the older basement component 
rhyolitoids has been given earlier. In this section, the rhyolitoids which 
are younger than the granitoids have been discussed. 
A porphyntic rhyolitoid body occurs on the left bank of Kherar 
Nala approximately 0.5 km east of Jakhaura village The rhyolitoid 
exhibits spectacular growth of quartz and feldspar phenocrysts which 
var> in size from 1 to 3 cm in length Some phenocrysts are rounded, 
whereas others are perfectly euhedral Feldspar phenocrysts have clear 
albite rims around an altered calcic core Some phenocrysts ha\ e a core 
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of pure feldspars mantled by a layer of graphic feldspar intergrown with 
quartz Phenocrysts of quartz are smaller and are generally 1 cm across 
or less Groundmass constitutes about 50% by volume. Similar rock 
IS also found in a locality near Babina where the rhyolitoid is intrusive 
into the gneisses. 
A small outcrop of rhyolite is observed in a place situated near 
the crossing of Central Railway Main Line and Bansi-Jakhaura road 
The rhyolite is grey in colour and porphyritic in nature. The phe-
nocrysts in this rhyolite body, in contrast to those in the earlier 
mentioned body, are smaller in size measuring up to 2 mm only 
A number of quartz veins are intrusive into the rhyolite indicating 
an older age of the rhyolite than the quartz veins. Rhyolite is also 
encountered near Charkhari Fort. Near Matatila Reservoir, a rhyolite 
body is exposed in the form of a dyke, the trend is N-S. Fragments of 
granitic rocks are found within the rhyolite (Fig. 15). This indicates 
that the rhyolite is younger than and intrusive into the granitoids 
Quartzite enclaves are also found within the rhyolite; the quartzite 
enclaves may be the undigested fragments of metasediments associated 
with basement rock Molybdenum mineralisation is found within 
rhyolite. 
Pegmatite 
The massif is traversed by a number of unzoned pegmatites 
More than one generations of pegmatites may be deciphered from field 
evidence, but the exact number of generations cannot be determined 
unequivocally since the pegmatites are not distinctive, almost all of 
them have similar mineralogy The pegmatites are composed of quart/. 
Fig. 15 : Photograph to show enclave of granite (G) in rhyohte (R) near Matatila 
Reservoir. 
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feldspars and biotite; graphic inlergrowlh of quartz and feldspar is 
observed at places. Near Jharar ghat molybdenum and fluontc 
mineralisation have been observed in the pegmatites. 
Quartz Veins 
The Bundelkhand massif is traversed by a number of quartz 
veins, popularly known as quartz reefs. The general trend of the veins 
is NE-SW. Quartz constitutes the sole mineral of most of the quartz 
veins. At places, disseminated mineralization of pyrite, hematite, 
malachite and chalcopyrite is observed. 
Two generations of quartz veins can be established from field 
observations near Ghughuwa Rest House where the younger NW 
trending vein cuts across the older NE-trending vein (Fig. 14). The 
quartz veins stand out as ridges and form spectacular landmarks within 
the massif. The quartz veins sometimes extend up to 100 km. The 
sinistral displacement of BIF by quartz vein at Babina and the discor-
dant relationship of the quartz vein with the foliation of the granitoids 
favour a post-granitoid age of the quartz veins. At a number of places, 
the veins have intrusive contact with the granitoids. 
Pyrophyllite and diaspore are observed to be associated with 
quartz veins and occur commonly at vein junctions and at isolated 
locales. It may be inferred that pyrophyllite and diaspore are the 
hydrothermal alteration product of quartz veins. Quartz-sericite schis-
tose rocks exposed in the southern part of the massif have been 
considered to be esmeraldite by Basu (1986). Roday et al. (1993) ha\ e, 
however, opined that the schistose rocks are products of ductile 
shearing. 
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Basic Dykes 
The basic dykes represent the culmination of major 
tectonomagmatic event in this region. The massif is dissected by a 
number of basic dykes which cut across NE-SW trending quartz veins 
thereby indicating a younger age than the quartz veins. At Mahoba, a 
basic dyke, about 11 km long and 30 m wide trending ENE-WSW is 
found to be intrusive into the granitoids, sharp contact between the 
dyke and the granitoids can be observed. The granitoids do not show 
any evidence of reaction with the basic dykes. Co-genetic volcanic 
suites associated with basic dykes have not been observed. 
The orientation of basic dykes, in contrast to the NE-trending 
quartz veins, is complex. The basic dykes have variable trends in 
different parts of the massif. The overall orientation of dykes varies 
from northwesterly in the northern part through northerly in the western 
part to westerly in the southern part of the massif (Sharma, 1983) 
MAFIC MAGMATIC ENCLAVES (MME) 
Bundelkhand granitoid massif hosts a number of enclaves which 
vary greatly in terms of shape, size, orientation and composition Three 
distinct types of enclaves can be discerned from field observations 
These are (i) pre-granitoid gneissic and metasedimentary enclaves 
including banded iron formations, (ii) enclaves of older granitoid in 
younger phasses of granitoids and (iii) mafic magmatic enclaves (term 
after Barbarin, 1988). The mafic magmatic enclaves (MME) which are 
very widespread in the massif and can easily be distinguished 
from gneissic, metasedimentary enclaves including banded iron forma-
tion and granitoid enclaves, have been studied in detail The cumulate 
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enclaves, although they are mafic and magmatic, are not included in 
MME. The cumulate enclaves are distinct from MME in texture. MME 
are always finer than the host granitoids, whereas the cumulate en-
claves are formed by crystals which are as large as those in host 
granitoids. 
Most of the mafic enclaves are ellipsoidal in shape; they range 
widely in size from few mm to few metres. The ellipsoidal shape of the 
enclaves may result from deformation and erosion of the enclaves at the 
time of their movement in the granitoid magma during the emplacement 
of the granitoids (Didier, 1987).The mafic enclaves have been me-
chanically fragmented to varying degrees. They are randomly distrib-
uted within the massif. Although a number of basic dykes are present 
in the massif, it is very unlikely that the basic dykes acted as source for 
the enclaves because the extensions of the mafic enclaves are not 
indicative of disrupted dyke. Moreover, the dykes are younger in age 
as they cut across the granitiods. 
Contact of the enclaves with the host granitoids is mostly sharp 
(Fig. 16). However, interaction between the enclaves and the host 
granitic magma is exhibited by the diffuse contacts of the enclaves with 
the host granitoids at some places. Some of the enclaves exhibit 
hornfelsic textrure; sometimes large K-feldspars are observed to have 
grown across the contact of the enclaves to the host granitoids. This 
was thought to have formed by metasomatic action of the granitoids 
Barbarin (1991) and Bussy (1991), however, have opined that crystal 
transfer between two coeval magmas may explain the phenomenon 
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Fig. 16 : Sketch of the contact relationship of the mafic magmatic enclaves with the 
host granitoid. 
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YOUNGER ROCKS 
The Bundelkhand granitoid massif is overlain by the 
Paleoproterozoic Bijawar Group of rocks to the southeast and south 
and by the Neoproterozoic Vindhyan Supergroup to the west and 
southeast. The massif is covered towards south by lava flows which 
are either Deccan Trap or volcanics associated with Bijawars. North-
ern portion of the massif is covered by Indo-Gangetic alluvium. 
The contact of the Bundelkhand massif with the Bijawar at the 
southern portion of massif near Sonrai is a faulted one; thick breccia 
zone can be traced along the contact. At Ranital, near village Bijawar, 
the contact of Bundelkhand massif with Bijawar strikes about N70° W 
and dips 60° southwards. At the same place a crush breccia zone 
consisting of angular fragments of quartz in a cherty matrix is observed 
at the contact. On the basis of presence of such breccia, the contact is 
thought to be faulted (Murty and Mishra, 1981). This fault follows the 
trend of Narmada-Son lineament as observed by Murty and Mishra 
(1981). 
The Vindhyan sedimentary rocks unconformably overlie the 
Bundlkhand granitoid massif. At the southern margin of massif, about 
2 km west of Sonrai on Madaura-Madanpur Road lava flows are found 
to have covered the Bundelkhand massif. In a well about 26' in depth, 
the granitoid rock is underlain by about 6' thick weathered red bed, 
which in turn is underlain by basaltic lava flows (Fig. 17). The basalt 
flows outcrop over a few kilometres in this region. The first flow is thin 
with numerous vesicles which decrease upwards. The flow shows 
chilling effect with the weathered red beds or paleosols. The basaltic 
Fig. 17 : Photograph of a section of wellnear Sonrai to show en^lacement ofbasic 
rock (B) over Bundelkhand granitoids. 
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flows either belong to Deccan Trap or are associated with Bijawar 
group of rocks. However, the occurrence of weathered red beds and 
the spheroidal weathering pattern of the basalt flows are akin to 
Deccan Trap flows. 
CHAPTER - III 
PETROGRAPHIC 
DESCRIPTIONS 
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PETROGRAPHIC DESCRIPTIONS 
The Bundelkhand granitoids are composed of quartz, plagio-
clase, K-feldspars and biotite; pyroxene is absent. All the granitoids 
are one-mica granitoid. Hornblende is present only in the two older 
varieties i.e. hornblende granitoid and as traces in biotite granitoid. 
Apatite, zircon, sphene and magnetite are common accessories. The 
alteration is very limited; the secondary minerals are represented by 
chlorite, epidote and sericite. Alteration of plagioclase has often been 
preferential along certain twin lamellae possibly having greater pen-
etrability, whereas other twin lamellae do not suffer any alteration at 
all. Petrographic evidence indicate early crystallization of hornblende 
and biotite. 
Petrographic studies of the different types of granitoid and mafic 
magmatic enclaves were carried out in detail. Fiftyfour thin sections 
representing different types of granitoid were studied to determine 
modal composition of the granitoids. The thin sections were staind for 
K-feldspars to differentiate them from untwinned plagioclase. The 
uncovered thin sections were etched by hydrofluoric acid vapour and 
then dipped into freshly prepared saturated solution of sodium 
cobaltinitrite. Consequently, K-feldspars stained yellow making it 
easy to distinguish them from untwinned plagioclase. Point count 
method of Chayes (1956) was employed to estimate modal composi-
tion of the granitoids. The number of points counted for modal 
analysis varied from 1200 to 1500 depending on the texture of the 
rock. 
The different types of granitoid generally have similar mineral-
ogy: however, the difference in relative proportion of various phases 
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IS observed The modal composition of the granitoids are presented in 
Table 2 The older hornblende granitoid and biotite granitoid have 
higher modal proportion of ferromagnesian minerals and plagioclase 
In younger leucogranitoid, ferromagnesian constitutents are negligible, 
hornblende is totally absent, whereas biotite is rare or occurs as traces 
The content of K-feldspar and quartz concomitantly increases in 
leucogranitoid Magnetite, when present, occurs generally in associa-
tion with hornblende and biotite. 
Modal Analysis 
The modal values of quartz (Q), alkali feldspar (A) and plagio-
clase (P) of the granitoids were plotted on the lUGS (modal) classifi-
cation scheme (Fig 18) of Le Maitre et al. (1989). The granitoids 
cover a large compositional spectrum from quartz diorite through 
quartz monzodiorite, granodiorite, monzogranite, syenogranite to 
alkali-feldspar granite. The hornblende granitoids are restricted to 
quartz diorite and quartz monzodiorite fields, whereas biotite granitoids 
are concentrated within tonalite and monzogranite fields, the 
leucogranitoids are clustered within monzogranite and syenogranite 
fields The granitoids define a calc-alkaline granodiorite (medium-K) 
trend (Lameyre and Bowden, 1982) on QAP diagram 
Hornblende Granitoid 
It is a dark coloured medium grained rock having a 
hypidiomorphic granular texture The rock contains on the average 
15% modal hornblende which is often associated with biotite and 
magnetite Well developed euhedral hornblendes are often partix or 
fully enclosed within biotite suggesting an earlier crystallization of 
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Fig. 18 : The lUGS (modal ) classification scheme (Le Maitre et al., 1989) of 
Bundelkhand granitoids. Fields: 1 alkali feld^ar granite, 2 syenogranite, 
3 monzogranite, 4 granodiorite, S quartz diorite, 6 quartz monzodiorite. 
Trends; a calc-alkaline trondhjemite (low-K), b clac-alkaline granodiorite 
(medium-K), c calc-alkaline monzonite (high-K), d alkaline, Th tholeiite 
(Lameyre and Bowden, 1982). Symbols: HG hornblende granitoids, EG 
biotite granitoids, LG leucogranitoids. 
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hornblende than biotite. The hornblende crystals are distributed regu-
larly and evenly within HG. These features indicate that hornblende 
is a primary phase. 
Plagioclase (An,Qto An,.^), subhedral to euhedral in shape, is the 
dominant phase constituting about 66% of the rock. The plagioclase 
crystals are commonly zoned; the calcic core is altered to sericite in 
varying degrees, the secondary epidote is sometimes observed in the 
core. The altered core is mantled by unaltered sodic plagioclase. 
Sometimes sericitization is present only along certain twin lamellae(Fig. 
19) indicating selected alteration. 
Quartz makes up only 12% of the rock on average. It occurs both 
as discrete and as interstitial grains. A large number of quartz show 
undulose extinction. Intergrowlh of quartz with K-feldspar is also 
observed (Fig. 20). Biotite is subhedral and generally occurs in 
association with hornblende. Biotite constitutes about 7% of the rock 
by volume. Chlorite occurs as a common alteration product of biotite. 
Euhedral sphene (Fig. 21) and magnetite are enclosed within K-
feldspar minerals indicating the precipitation of these minerals before 
K-feldspar from the melt. 
Biotite Granitoid 
The biotite granitoid rocks are commonly medium granined and 
porphyritic having large phenocrysts of K-feldspar ranging in size 
from 1.2 to 4.00 mm in length. K-feldspar generally perthitic (Fig. 22), 
constitutes about 22% of the rock. The intergrowth pattern of perthite 
indicates an exsolution origin of the perthites. This, in turn, may 
suggest hypersolvous crystallization of the K-feldspars. 
Fig. 19: Photomicrograph to show limited alternation (->) of plagioclase. Crossed 
nicols. Enlargement 42 x. 
Fig. 20: Photomicrograph ofintergrowth of quartz (Q) and K-feldspar (K). Crossed 
micols. Enlargement 70 x. 
A2 
Fig. 19 
Fig. 20 
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Biotite is pleochroic from dark brown to very pale brown. It 
constitutes about 12% of the rock by volume. Apatite and zircon occur 
as euhedral to subhedral inclusions in biotite indicating an earlier 
crystallization of these accessory phases from the melt. Biotite shows 
occasional bending which may have resulted as a consequence of post-
crystallization deformation. Zircon mainly occurs as inclusion in 
biotite and forms pleochroic haloes (Fig. 23). 
The average modal concentration of plagioclase is 37%; the An-
content varies from An^ to AHJ^. It occurs in various forms, as 
inclusions in K-feldspars, as stringers in perthite and as individual 
grains. The plagioclase lamellae are occasionally bent or broken (Fig. 
24) indicating post-crystallization deformation of the grain. The 
microcline crystals are highly perthitic with abundant stringers of 
albite. The perthites were formed as a result of exsolution. The 
strongly perthitic nature of K-feldspar may indicate the emplacement 
of these plutons at medium crustal level of 10-12 km (Poli and 
Tommasini, 1991). 
Quartz constitutes 21 to 31% of the rock by volume. It occurs 
as inclusion in K-feldspars and also as interstitial grains. Undulose 
extinction is common in quartz. 
Leucogranitoid 
The grain size of the leucogranitoids varies from fine to coarse; 
as such the leucogranitoids can coveniently be subdivided into fine 
and coarse subgroups based on textural variation. The leucogranitoids 
comprise dominantly of K-feldspars which constitute about 39% of the 
rock. K-feldspars are mostly perthitic which appear to be of exsolution 
Fig. 21: Photomicrograph of euhedral sphene (S). Crossed nicols. 
Enlargement 70 x. 
Fig.22 : Photomicrograph of twinned perthite (P). Crossed nicols. 
Enlargement 42 x. 
A4 
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origin. The fine grained variety is porphyritic; the phenocrysts of K-
feldspars vary from 1.3 to 3.5 mm in length. 
Plagioclase constitutes 20 to 31% by mode; they occur mainly 
as subhedral to anhedral crystals and exhibit variable degrees of 
alteration. The calcic core is normally altered to sericite and 
occasionally to epidote. Myrmekite is a minor phase occurring within 
plagioclase (Fig. 25). In porphyritic variety, plagioclase phenocrysts 
are up to 4.00 mm in length and have inclusions of quartz. Plagioclase 
crystals in fine grained leucogranitoid are relatively fresh and more 
sodic (average composition is An,2) than those in the older type of 
granitoids. Postcrystallization deformation of plagioclase is evident 
from the microfracture filled with quartz which has displaced the 
plagioclase lamellae (Fig. 26) at a number of places. 
Quartz constitutes about 41% of the rock and occurs as indi-
vidual anhedral crystals and also as graphic intergrowth with K-
feldspar indicating simultaneous crystallization of the two minerals. It 
also occurs as interstitial grains. 
Mafic Magmatic Enclaves (MME) 
The mafic magmatic enclaves are invariably finer grained than 
the host granitoids. MME are composed of pyroxene, hornblende, 
plagioclase, biotite and magnetite. K-feldspars are encountered rarely. 
The proportions of different minerals in the enclaves vary from one 
enclave to another. 
The rocks display subophitic texture; they have higher content 
of ferromagnesian phases and plagioclase, and lower content of quartz 
and K-feldspars than do the host granitoids. Hornblende crystals are 
Fig. 23 : Photomicrograph of euhedral zircon (Z) within biotite. Crossed nicols 
Enlargement 42 x. 
Fig. 24 : Photomicrograph to show bending of plagioclase lamellae (P). Cossed 
nicols. Enlargement 70 x. 
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generally subhedral to anhedral. Apatite, in general acicular, is 
present as accessory. Hornblende, biotite and magnetite occur to-
gether almost invariably both in enclaves as well as in the host 
granitoids. 
Plagioclases are typically zoned; a dusty calcic plagioclase core 
is surrounded by a rim of sodic plagioclase. The crystal habit of 
sphene in enclaves is similar to that in host granitoids, whereas apatite 
is acicular in enclaves and stubby in granitoids. Presence of acicular 
apatite in the enclaves may indicate undercooling (Reid et al., 1983; 
Vernon, 1983). This feature, alongwith fine grained nature of the 
enclaves favours a melt derived origin of the enclaves formed by 
chilling of blobs of mafic magma in cooler granitic magma (Didier, 
1973). 
No restite has been observed in the enclaves. The plagioclase 
which is the best mineral to be preserved as restite (White and 
Chappell, 1977) shows no evidence of its being a restite. A restite 
plagioclase is irregularly and patchilly zoned with corroded cores. 
Chappell et al. (1987) suggested that restite plagioclases may also 
tend to be unzoned because of slow prograde metamorphism of source 
rocks. The presence of zoned plagioclase coupled with quench like 
texture of the enclaves is inconsistent with restite model. 
Basic Dykes 
Microscopic examinations reveal that the basic dykes are petro-
graphically uniform in composition, commonly showing ophitic tex-
tures. Opaques are common. Biotite, a rare phase, is found at some 
places to be associated with opaques. Plagioclases are commonly 
altered to sericite. 
Fig. 25 : Photomicrograph to show mynnekite (M). Crossed nicols. Enlargement 
42 X. 
Fig. 26 : Photomicrograph to show displacement of plagioclase lamellae by quartz 
vein ( -^ ). Crossed nicols. Enlargement 70 x. 
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GEOCHEMISTRY 
Fresh samples (measuring about 6" x 4") representing different 
types of rocks were coljected from the outcrops. A few samples were 
collected from the wells under construction in areas under soil cover. 
The samples collected include various types of granitoid, mafic 
magmatic enclaves and basic dykes. Locations of samples are shown 
in Fig. 1. Majority of the samples were collected from the southwest-
ern part of the massif. However, a number of samples have also been 
collected from northern and eastern parts of the massif with a view to 
observe spatial variations. 
Prior to geochemical analysis, the rocks were studied under the 
microscope. Effects of alterations were studied in thin sections 
Samples which show least alteration effect were selected for geo-
chemical studies. In total, fortyseven representative samples were 
selected for geochemical analysis, out of fortyseven samples, thirtyfive 
samples represent different granitoid phases and twelve samples 
belong to mafic magmatic enclaves. The geochemical analyses and 
CIPW normative values of the granitoids and the mafic magmatic 
enclaves are presented in Appendix I and Appendix II respectively. 
Analytical Techniques 
The samples were crushed and pulverised using tungsten mortar. 
Whole rock major element analyses were carried out at Wadia Institute 
of Himalayan Geology (WIHG), Dehra Dun by X-ray fluorescence 
(XRF) technique (system configuration : EDAX EXAM SIX and 
PHILIPS PV 9100). Whole rock trace elements including rare earth 
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elements (REE) analyses were carried out at National Geophysical 
Research Institute, Hyderabad on Plasma Quad Inductively coupled 
Plasma Mass Spectrometer (ICP-MS). Major elements were deter-
mined on fusion discs with the following operating conditions : Ag 
Anode, No filter, VAC PATH, 12 K V keeping nominal analysis time as 
300 seconds. Although all trace elements were analysed on ICP-MS, 
a number of trace elements were also analysed on XRF at WIHG, 
Dehra Dun using pressed powder pellets for cross checks keeping 
operating conditions : Ag Anode, Ag Filter, Air Path, 40 KV with 
nominal analysis time as 800 seconds. The results have been found 
to tally. 
The analytical precision is better than 1 % for most of the major 
elements except Si02, A i p , , Kfi and Na^O, better than 2% for SiO. 
and Al^Oj and better than 5% for trace elements and Na^O and K.O 
International standards of CRPG, USGS, GSJ and IGGE were used for 
calibration and testing of accuracy. The average deviations for major 
elements lies between 0.01 and 0.33% and for trace elements it is + 2-
10 ppm. 
Effect of Alteration 
In order to select specimens for geochemical analysis, thin 
sections were studied carefully. Only those samples were selected for 
geochemical analysis which show least secondary alteration. Petro-
graphic evidence of restricted alteration come from limited growth of 
epidote from plagioclase and breakdown of amphibole to chlorite 
Such changes have been considered by Pollard et al. (1983) and Taylor 
and Pollard (1988) to be in situ grain-boundary-controlled changes 
formed by interaction with late magmatic fluids and thus isochemical 
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In addition to petrography, alteration effect has also been evaluated 
geochemically. The rocks of Bundelkhand massif are either 
unmetamorphosed or have only been mildly metamorphosed The 
mobility of elements during metamorphism is negligible. However, 
the element mobility during alteration need to be studied and evaluated 
carefully with a view to. petrogenetically constrain the reliance on 
elements, whose concentration is susceptible to alteration. 
The major elements including the alkalis which are potentially 
mobile during alteration process show smooth variation trends both 
for inter-and intra-suite rocks. On the AFM plot based on Na^O + K,0 
- Fe^OjCT) - MgO, the granitoid samples exhibit a calcalkaline trend; 
similar trend can also be discerned from Jensen's (1976) cation per 
cent Al - Fe + Ti - Mg plots and Na - K - Ca diagram. It is observed 
that similar trends are depicted from various diagrams based on 
different parameters. It may be concluded that the major element 
mobility has been relatively weak and the concentrations of the 
elements represent, in general, the primary magmatic abundance. 
Further, high values of K/Rb in the granitoids of Bundelkhand massif 
may indicate magmatic process, low values may be due to fluid 
interaction. 
The REE patterns of the samples are generally smooth with no 
suspicious anomalies. Since the REEs are contained in stable phases 
like apatite, zircon, sphene etc. and these stable phases become 
unstable only in highly altered granites (Higgins et al., 1985), the 
smooth REE patterns with no erratic anomalies may be considered to 
represent original chemistry of the rocks. Thus, the geochemical 
characteristics of the granitoids as well as those of the mafic magmatic 
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enclaves are in general preserved and considered to represent the 
original magmatic concentrations. 
Geochemical Classification 
The Bundelkhand granitoids vary greatly in modal proportion of 
minerals. The large variation in proportions of quartz, plagioclase and 
feldspars leads to an expanded compositional spectrum. Since the 
rock types exhibit a variety of textural features ranging from fine to 
coarse grained and massive non-porphyritic to porphyritic texture, it 
is difficult to classify the rock types unambiguously on modal propor-
tions considerations alone. Geochemical classification may thus 
become necessary. 
The granitoids as well as the enclaves have been plotted on Q'-
ANOR diagram (Fig. 27) which represents a chemical equivalence of 
the lUGS modal classification scheme (Fig. 18). Streckeisen and 
LeMaitre (1979) have proposed the Q'-ANOR diagram, where 
Q'=normative [Q/(Q -f Ab + Or + An)] x 100 and ANOR = normative 
[An/(Or + An)] x 100, in an unbiased fashion using normative values 
to represent silica saturation by Q' and An/Or ratio using ANOR 
parameter. The hornblende granitoids are compositionally expanded 
and plot over a large range of fields from gabbro to quartz gabbro 
through diorite to quartz diorite, monzodiorite, quartz monzodiorite, 
granodiorite, monzonite to quartz monzonite. The biotite granitoids 
are encompassed within tonalite, granodiorite, quartz monzonite, 
monzogranite, granite and alkali-feldspar granite fields. The 
leucogranitoids cluster over alkali-feldspar granite, granite and 
monzogranite fields. The mafic magmatic enclaves plot over a large 
compositional fields ranging from alkali-feldspar syenite, syenite. 
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quartz monzonite, monzodiorite, diorite, quartz monzodiorite to grano-
diorite. Thus, it is evident that the different rock series distinguished 
on the bases of field and megascopic criteria are not compositionally 
distinct. 
On the normative Ab-An-Or plot (Fig. 28), the granitoid samples 
are concentrated within granodiorite and granite fields defined by 
O'Connor (1965) and Barker (1979). The hornblende granitoids are 
concentrated within granodiorite field, whereas the leucogranitoid 
samples are clustered within granite field; the biotite granitoids show 
a spread over the two fields. 
For a rigorous classification of igneous rocks, the "nomencla-
ture" diagram of Debon and Le Fort (1983) seems to be most suitable 
because it is based on quantitative chemical analysis and not on modal 
analyses which may only be poorly reproduced. The other important 
merit of the diagram is that it uses cationic proportions of major 
elements analyses so as to reflect actual mineralogy. The Bundelkhand 
granitoids exhibit a compositional range occupying the fields of 
diorite, monzodiorite, adamellite, tonalite, quartz monzonite, grano-
diorite and granite on the "nomenclature" or "Q-P" diagram (Fig 29) 
where the two parameters are in millications and are represented by 
Q=Si/3-(K + Na + 2Ca/3) and P=K-(Na + Ca). The leucogranitoids are 
concentrated within granite field, whereas the hornblende and biotite 
granitoids show considerable spread. 
Applying the R1-R2 classification scheme (Fig. 30) of De La 
Roche et al. (1980) where Rl=4Si-l 1 (Na + K)-2(Fe + Ti) and R2 = 
6Ca + 2Mg + Al, the hornblende granitoids show a greater amount of 
scatter occupying the fields of diorite, tonalite and granodiorite. The 
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Fig. 28 : Normative An-Ab-Or classification scheme of Bundelkhand granitoids. 
Fields afterBarker(1979)andO'Connor(1965). Symbols: HG hornblende 
granitoid, BG biotite granitoid, LG leucogranitoid. 
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ALKS dark coloured alkaline saturated, ALKOS light coloured alkaline 
oversatiirated, GT granitic-trondhjemitic. Symbols : as in Fig. 28. 
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biotite granitoids are concentrated within tonalite, granodionte and 
granite fields. The leucogranitoids show clustering within granite and 
alkali-granite fields. The mafic magmatic enclaves plot in diorite, 
tonalite, granodiorite and monzonite fields. 
Chappell and White (1974) proposed a genetic classification to 
define granites mainly into two types : I-type, extracted from igneous 
protoliths and S-type, extracted from sedimentary protoliths Later, 
this classification was expanded by adopting two more types : A-type, 
derived from dehydrated continental crust to include anorogenic alkali 
granites (Loiselle and Wones, 1979; Collins et al., 1982) and M-type, 
derived from melting of subducted oceanic crust or overlying mantle 
and includes plagiogranites (White, 1979; Pitcher, 1983; Whalen, 
1985). Castro et al. (1991) proposed a revision of the granite-type 
classification and tentatively suggested H(hybrid)-type granite which 
form by a magma mixing process. H-type granites include most of the 
1-and S-type granites of Chappell and White (1974) and can be 
distinguished by field, petrographic and geochemical evidence. 
Bundelkhand granitoids closely correspond to I-type in terms of 
the concentrations of highly charged cations, e.g. Zr, Ce, Nb, Y and are 
concentrated within I-type granite field on SiO^ vs. Zr, Ce, Nb and Y 
and Ga vs. Al^Oj diagrams (Fig. 31). Leucogranitoids exhibit A-type 
characteristics in terms of their Zr and Nb concentrations The 
Bundelkhand granitoids exhibit cafemic to aluminocafemic magmatic 
association on "characteristic minerals" diagrams. Debon and Le Fort 
(1988) concluded that the typical cafemic association is related to 1-
type granitoids of Chappell and White (1974). 
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Applying the approach of Collins et al. (1982), the Bundelkhand 
granitoids exhibit predominantly 1-type characteristics with affinities 
towards A-type. Similar conclusions can be derived from the scheme 
proposed by Whalen et al. (1987) where most of the discriminant 
diagrams are based on elements like Al, Fe, Mg, Ga, Zr, Nb, Ce, and 
Y which are relatively insensitive to low to moderate degrees of 
alteration (Pearce and Cann, 1973; Floyd and Winchester, 1975, 
Bourne, 1986). Whalen et al. (1987) have suggested that employing 
the plots of Ga/Al vs. certain major elements (Fig. 32) and Ga/Al vs 
trace elements (Fig. 33), it is possible to distinguish A-type granites 
from I-, S- and M-types. High ratio of Ga/Al is perhaps the most 
diagnostic feature of A-type granites. The high value of Ga/Al results 
from a number of factors; these include preferential retention of An-
rich plagioclase in the source region during partial melting and 
preferential exclusion of Ga relative to Al in anorthite structure 
(Goodman, 1972). 
The granitoids plot in the combined field of I-, S- and M-type; 
a number of samples plot in the A-type granite field on Ga/Al vs. some 
major elements and their ratios (Fig. 32) and Ga/Al vs. some trace 
elements and agpaitic index (Fig. 33) diagrams. Similar feature is 
depicted from the diagram based on Zr + Nb + Ce + Y vs. major and 
trace elements ratios (Fig. 34) diagram. This diagram is capable of 
discriminating between unfractionated M-, I-, and S-type granites, 
fractionated granites and A-type granites. A-type affinity of the later 
phases of granitoids may have important bearing on the petrogenesis 
of the Bundelkhand granitoids. Whalen et al. (1987) have suggested 
that many 1-type granitoid suites may evolve and overlap the compo-
« 
sitional field of A-type granites. Such a situation is not rare and is 
recorded from Trans-Labrador granitoid belt (Kerr, 1989). 
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From molar AI2O3/ (CaO + Na^O + K,0) or A/CNK values of the 
granitoids which range from 0.4 to 1.4, it may be inferred that the 
granitoids have both I- and S-type affinity. Other I-type features of the 
Bundelkhand granitoids include presence of CIPW normative diop-
side or <1% CIPW normative corundum and absence of muscovile, 
whereas the S-type characters of the granitoids include > ] % CIPW 
normative corundum. The Bundelkhand granitoids have CIPW norma-
tive corundum values ranging from 0.08 to 3.51. 
The occurrence of both I- and S-type characteristics in a single 
suite has made the I-S-type classification doubtful (Mc Carthy and 
Groves, 1979). Early phases of batholith in a particular location may 
be I-type, whereas the later phases showing S-type characteristics 
have been reported by Brown et al. (1984). They have opined and 
agreed with the view of Plant et al. (1983) that the so called 1-and S-
type terminology (Chappel and White, 1974) which was aimed at a 
simple genetic classification of the granitoids has sometimes proved 
difficult to apply. A number of workers have described the applica-
tions of I- and S-type criteria as over simplified, misleading and 
problematic (Hudson and Arth, 1983; Ortega and Ibarguchi, 1990) 
In general, it may be concluded that the Bundelkhand granitoids 
have 1-, S-, and A-type characteristics; a few of the hornblende 
granitoids have very low values of Rb/Sr corresponding to M-type 
granites (White, 1979, Pitcher, 1983). Some hornblende granitoids 
and early phases of biotite granitoids show I-type characteristics, 
whereas the later phases of biotite granitoids and leucogranitoids 
predominantly exhibit S-type features and overlap the compositional 
field of A-type granites. A comparison of the characteristics of 1-, S-, 
and A-type granites has been made with those of Bundelkhand 
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granitoids (Table 3). One plausible explanation for the apparently 
contradictory I-and S-type characters of Bundelkhand granitoids may 
be that the granitoids seem to have formed by partial fusion of an 
igneous protolith and as a consequence the granitoids acquired I-type 
features. At a later stage the magma may have undergone assimilation 
of country rocks thereby masking the I-type characters with S-type. 
The S-type peraluminous character may arise from the early crystal-
lization of hornblende. The granitoids, as a result of high values of Ga, 
Nb and Y have acquired A-type characteristics. A-type characters 
may also be due to increasing mantle contributions at the later stage 
of granitoid formation. 
Nature of the Granitoids and the Mafic Magmatic Enclaves 
Nature of the granitic magma and the mafic magmatic enclaves 
may be inferred by their plots on AFM diagram (Fig. 35). Majority of 
the granitoid samples plot in the calc-alkaline field. However, the 
plots of the enclaves are concentrated within alkaline field on AFM 
diagram. Calc-alkaline nature of the granitoids is evident from the 
ternary diagram of Jensen (1976) based on the cation per cent of Al, 
Fe + Ti and Mg (Fig. 35). The calcalkaline trend of the granitoids is 
also exhibited on K-Na-Ca diagram (Fig. 36) of Barker and Arth 
(1976) and on the QAP diagram (Fig. 18) where the granitoids plot 
along the calcalkaline granodiorite (medium-K) trend. 
Although the AFM diagram has found wide application for 
plutonic provinces, its applications as discriminant diagram has been 
limited. Neither the diagram can well discriminate different fields near 
A(alkali)-pole nor the importance of alumina in granitoids has been 
taken into account in this diagram. Debon et al. (1986) have pointed 
66 
E 
2 ' r •^ 
— O O U o 
4» w t - p . w 
• o - o . r -
a P •-' o 
5 n «< , n 
< ^ ^ »- ^ 
ffi DC n ~ w 
e 
3 
l o o 
c 
3 
eo 
o 
c 
E 
o 
i j 
o. 
u 
3 
C 
U 
c 
00 
X 
n 
5 
c 
V. 
X 
X 
CO 
a 
00 
•= •£ 
# -
" £ s !; 
X r C^  
c -^  ' r 
o 
C 
« s 
V 
{ « 
V 
0 
a 
n T3 
a 
3 
^ 
« 
4J 
« 
8 
O 
O 
n 
C/3 
1 ^ 
n 
o 
C3 
PJ 
« 
r; 
i 
u. 
0 
Z 
i i 
0 
S 
[/) 
w 
S 
•T3 
a 
6 ^ 
Z 2 g 
| 0 
X -o 
tC o 
00 
o 
? ?. 
u S 
E e. 
c o > 
g CO ^ 
S "« o 
E -^ w 
e n — 
u E .i: 
B 
at 
X 
c 
o 
£ 
& 
3 
8 
o 
2 T: 
en 
z s 
o 
Z 
3 
s 
g 
X 
3 
X 
3 
I ^ 
E f 
c -
8 -
S 
J 
C 
00 
a 
a 
< 
«. u 
o c 
^ 
o 
e 
a. 
(^^ 
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30. 
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out yel another misleading character of the diagram, the samples may 
plot within the general field of calc-alkaline in this diagram despite 
their being not actually calc-alkaline following the original definition 
of Peacock (1931). 
To eliminate these discrepancies, new methods based on quan-
titative major element analysis have been developed. Debon and Le 
Fort (1983) deviced a "characteristic minerals" or "A-B".diagram (Fig 
37) where the two parameters are in millication and are given by A=A1-
(K + Na + 2Ca) and B=Fe -t- Mg + Ti to classify the magmatic 
associations. Parameter A corresoponds to alumina index of Shand 
(1927) and B is proportional to the weight content of dark minerals in 
common granitic rocks (La Roche, 1964). The diagram is divided into 
six sectors, numbered I to VI and each sector corresponds to a specific 
mineralogical composition. On A-B diagram the Bundelkhand granitoids 
correspond to cafemic and alumino-cafemic magmatic associations 
The samples are clustered mainly within sectors I to IV thereby 
indicating that Bundelkhand granitoids association starts with biotite 
associated with amphibole and/or pyroxene but end with biotite alone 
Debon and Le Fort (1983) opined that the cafemic magmatic associa-
tions are produced exclusively from mantle sources or hybrid source 
of the mantle and crust with major contributions from mantle, the 
alumino-cafemic magmatic associations are also derived from a hybrid 
source but major contribution comes from sialic crust "Q-P" or 
"nomenclature" diagram is capable of distinguishing different subtypes 
of the main cafemic and alumino-cafemic magmatic association. From 
the Q-P diagram (Fig. 29) an overall calc-alkaline trend can be 
discerned from the plots of hornblende and biotite granitoids, whereas 
the leucogranitoids fall along light coloured subalkaline potassic 
trend 
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The granitoids are metaluminous to peraluminous in nature on 
both A-B diagram (Fig. 37) and mol Aip3/(CaO + Na^O + Kp) or A/ 
CNK vs. mol (Na^O + KpyAip ,d i ag ram (Fig. 38). The hornblende 
granitoids are metaluminous, biotite granitoids are spread over both 
metaluminous to peraluminous fields, whereas leucogranitoids are 
predominantly peraluminous. The early crystallization of hornblende, 
which is a crucial mineral in the massif, may have made the later 
granitoid melts peraluminous in nature (Mc Carthy and Grooves, 
1979). This peraluminous character is reflected in later phases of 
biotite granitoids and leucogranitoids. 
On RI-R2 multicationic diagram (Fig. 30), the majority of the 
samples are alkali-calcic. However, different granitoids of the massif 
range from calcic through calc-alkaline to alkali-calcic (Fig. 30) in the 
classification scheme of De la Roche et al. (1980) and DeWitt (1989). 
Some of the mafic magmatic enclaves exhibit alkaline affinity. As such 
there exists a complete geochemical range from calcic through calc-
alkaline to alkali-clacic. On calc-alkali ratio, defined by CaO /(Na,0 
+ K.O), vs. SiO, diagram the granitoids of the Bundelkhand massif 
show a progressive change in composition from calc-alkaline to alkali-
calcic. 
Rogers and Greenberg (1981) formulated a diagram employing 
the ratio of K,0/MgO vs. SiOjto distinguish between calc-alkali and 
alkali granites. On K^O/MgO vs. SiO, diagram (Fig. 39), the plots of 
Bundelkhand granitoids occur in both the calc-alkalic and alkali 
granite fields; the leucogranitoids are, however, restricted to the alkali 
granite field. Such trend has also been reported from Sierra Nevada 
batholith and Ben Ghnema batholith (Rogers et al., 1978). Different 
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explanations have been proposed for the alkaline affinity of the 
batholiths. For Sierra Nevada, it is inferred that alkalis are contributed 
from the thick continental crust through which the granitic magma 
passed, whereas for Ben Ghnema batholith, it is inferred that the 
alkaline granites are the products of differentiation of calc-alkaline 
suite (Rogers and Greenberg, 1981; Rogers et al., 1980). 
MAJOR AND TRACE ELEMENTS SYSTEMATICS 
Major Elements 
Whole rock major elements concentrations were plotted on 
Marker's variation diagrams (Fig. 40). It is evident from Fig. 40 that 
with increasing SiO^ content of the granitoids, concentrations of TiO,, 
AUO3, Fe,03(T), MnO, MgO, CaO and P p ^ decrease, whereas Na,0 
and K ^ contents increase; the variation is very systematic. Similar 
trends are also exhibited by the mafic magmatic enclaves for all major 
elements except for Al^Oj which show increasing trend with increase 
in SiO.,. 
Almost all major elements exhibit linear to near-linear trends 
against SiO,. A number of major elements display smooth variation 
trends consistent with an evolution by fractional crystallization pro-
cess. Crystal fractionation produces curved trends as a consequence 
of systematic adjustment of compositions of the phases which may 
form solid solutions. Although fractionation of plagioclase is indi-
cated by the curved trends (Fig. 40) of CaO and that of hornblende bv 
negative correlation of elements like CaO, MgO, Fe,03(T) and TiO,. 
and positive correlation of K,0 with SiO,, fractional crystallization 
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does not seem, for a number of reasons discussed later, to be feasible 
mechanism for the evolution of the entire massif from a common 
parental magma source 
The smooth trends of most of the major elements on covariate 
diagram (Fig 40) along which all the three suites plot may indicate that 
the three granitoid suites are genetically linked. Thus, the granitoid 
suites may be termed as cogenetic although they may not be comagmatic 
Compositional gaps are not evident within both intra- and inter-
plutons 
Trace Elements 
The trace elements concentrations of Bundelkhand granitoids 
and the mafic magmatic enclaves display a complex distribution 
pattern with SiO^CFig 41). A wide scattering is observed for all the 
trace elements and as a result, they do not show continuous and smooth 
variation trends Trace elements in Bundelkhand massif generally do 
not vary systematically with increase in SiO^. Scattering of trace 
elements, which is common in many granitoid suites, have been 
attributed to fractional or heterogeneous accumulation of some major 
and accessory minerals which may be rich in a number of trace 
elements (Arth, 1976, Pearce and Norry, 1979, Sawka, 1988) Zircon 
may play an important role in producing unusual trace element distri-
bution From the positive correlation of Zr and Th (Fig. 42), it is 
inferred that probably Th was removed by zircon. The overall negative 
correlation of Cr and positive correlation of Rb with increasing SiO, 
may indicate hornblende fractionation Further, the decreasing Sc 
content with increase in Si02(Fig 42) is also indicative of amphibole 
fractionation The overall positive correlation on CaO vs Sr diagram 
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(Fig 42) may indicate plagioclase fractionation since Sr is strongly 
partitioned into plagioclase 
The hornblende granitoids contain less Rb than do the biotite 
and leucogranitoids. The inter-element relationship of Rb and Sr 
contents of the granitoids may be correlated with biotite and plagio-
clase fractionation. The variation trends of Sr and Ba reflect biotite 
and K-feldspar fractionation (Fig. 43). Two distinct trends can be 
discerned from Ti02vs. Zr diagram (Fig. 42). The trend shown by 
hornblende granitoids is consistent with biotite fractionation, whereas 
the trends for the rest of the granitoids correspond to fractionation 
produced by plagioclase plus biotite and/or hornblende (Pearce and 
Norry, 1979) 
Generalised trends as expected for partial melting (PM), Rayleigh 
fractional crystallization (FC), cumulate products (C) and mixing 
between liquid and cumulates (M) from a magma crystallizing quartz, 
plagioclase, K-feldspar and hornblende, in constant proportions 
throughout its evolution are superimposed on diagrams proposed by 
Mc Carthy and Hasty (1976); Mc Carthy and Robb (1978); Mc Carthy 
and Grooves (1979) (Fig. 43). Generalised vectors as would be 
expected for different phases like plagioclase (pi), biotite (bi), K-
feldspar (ks) and hornblende (hb) for Rayleigh fractionation are also 
shown (Tindle and Pearce, 1981; Pearce and Norry, 1979, Atherton 
and Sanderson, 1985) The flat slope of the plots on Rb-Sr diagram 
(Fig 43) IS indicative of partial melting 
Rb/Sr values for most of the granitoids are low (<1) although 
higher values (1 to 12) are also found in a few rock samples No 
systematic variation in K/Rb ratio is observed K/Rb values lor 
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different phases of Bundelkhand granitoids range from 95 to 373 
which in general, is compatible with other calc-alkaline suites (Bertrand 
et al., 1984); however, two samples have abnormally high K/Rb values 
(Appendix II). The Bundelkhand granitoids are characterised by low 
values of mol Kfi/Nafl which ranges from 0.025 to 1.25, most values 
lying between 0.5 to 1. 
Rare Earth Elements 
Chondrite normalised (Taylor and Mc Lennan, 1985) rare earth 
element (REE) patterns for Bundelkhand granitoids and mafic mag-
matic enclaves are illustrated in Fig. 44. Both the granitoids and 
enclaves exhibit light REE (LREE) enrichment pattern with Ce^Ybj^ 
ranging from 1.51 to 15.74 for the granitoids and for the mafic 
magmatic enclaves the ratio ranges from 5.22 to 20.83. Gdj^Yb^for 
the granitoids varies from 0.49 to 2.92, whereas that of the enclaves 
varies from 1.05 to 3.41. The Yb contents of the hornblende granitoids 
are closely similar to the classical Archean tonalite, trondhjemite, 
granodiorite (TTG) suites which dominate the Archean high grade 
terrains where Yb content is low (Ybj^<8.5), whereas the biotite 
granitoids and the leucogranitoids, in respect of Yb content are more 
similar to post-2.5 Ga granitoids emplaced in subduction zone 
geodynamic environment; they exhibit classical calc-alkaline trends 
with high Yb content having a value of 4.5 < Yb^< 20 (Martin, 1993). 
The low values of Yb content of the Archean TTG have been explained 
by partial melting of subducted slab where garnet and hornblende are 
retained in the source as residual, whereas high values of Yb during 
post-Archean have been ascribed to partial fusion of mantle wedge 
rather than the subducting slab where olivine and pyroxene with low 
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KDYJ, values for these minerals are the main residual phases (Marlm, 
1993). Thus, it appears that some of the hornblende granitoids which 
are the oldest granitoid phases seem to have formed by partial fusion 
of the subducting slab and the biotite granitoids and the leucogranitoids 
appear to be the products of partial fusion of mantle wedge. 
Almost all the samples have negative Eu anomalies except for 
a few which have either no anomaly or slight positive Eu anomalies 
Eu/Eu*as defined by Taylor and Mc Lennan (1985) varies from 0.17 
to 1.49. One of the hornblende granitoid samples has noticeable 
positive Eu anomaly which may suggest cumulus nature of plagio-
clase. Some of the biotite granitoid and leucogranitoid exhibit pro-
nounced negative Eu anomalies thereby indicating greater amount of 
plagioclase fractionation. 
The fractionated REE patterns and heavy REE (HREE) deple-
tion point to the retention of garnet and/or hornblende in residue. The 
REE patterns of the biotite granitioids and leucogranitoids (Fig. 44), 
in general, closely correspond to those of the calc-alkaline intermedi-
ate volcanic rocks of continental margin (Fig. 44, inset) as reported by 
Thorpe et al. (1976) and Dostal et al. (1977). 
Both the granitoids and the mafic magmatic enclaves exhibit 
fractionated REE patterns (Fig. 44). The enclaves are enriched in 
LREE and also contain higher amount of HREE. Two of the enclaves 
display very small negative Dy anomalies. The higher content of P,0, 
and HREE of the enclaves than in their host granitoids coupled with 
the minor negative Dy anomalies suggest a high-P.,05 source and 
greater amount of partial melting of the source rock leaving little 
amount of hornblende in the residue (Waston and Capobianco, 1981) 
CHAPTER - V 
PETROGEIMESIS 
HA 
PETROGENESIS 
PETROGENESIS OF THE GRANITOIDS 
The evolutionary path of a magma is controlled by a number of 
factors including temperature, pressure, water fugacity and oxygen 
fugacity. Although exact estimation of these variables at magmatic 
conditions is often difficult because of changes imposed by late 
magmatic processes, several approaches have been evolved to 
approximate the values and effect of these variables on evolutionary 
paths. 
There are problems in assessing the relative roles of different 
processes such as partial melting, fractional crystallization, crustal 
assimilation, mixing of magma etc. in the generation of granite liquid. 
White and Chappell (1977) proposed a restite unmixing model as the 
main process of evolution of some granitoids. Mathematical models 
suffer from inherent limitations in a way that they depend on geological 
variables like estimation of exact composition of source rocks, 
identification and establishment of residual mineral assemblages, bulk 
partition coefficients etc., specially for felsic rocks which are not yet 
well understood and their exact estimation is often very difficult. For 
this reason mathematical models have not been taken into account, 
instead qualitative models have been employed. 
Normative composition, plotted on the Qz-Ab-Or diagram (Fig 
45) shows the cluster of plots away from Or-apex. Any clear trend, 
either calc-alkaline or gabbro-trondhjemite (Arth et al, 1978) can not 
be deciphered from the diagram. Majority of the biotite granitoid and 
leucogranitoids plot between cotectic 1 and 4 kb water vapour pressure. 
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Normative Qz - Ab - Or plots ofBundelkhand granitoids. Co-tectic curves 
for the Qz - Ab - Or-H^O system are from Tuttle and Bowen (1958). Trends 
: dashed arrow calc-alkaline, solid arrowgabbro-trondhjeniite(Arthet al.. 
1978). Symbols : HG hornblende granitoid. BG biotite granitoid. LG 
leucogranitoid. 
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whereas the hornblende granitoids mostly plot well below 4 kb cotectic 
curve. The Bundelkhand granitoid samples define a path which is very 
close to the experimentally determined path followed by a trachylic 
liquid fractionating a single feldspar and evolving towards a quarternary 
minimum (Tuttle and Bowen, 1958). 
The presence of alkali-feldspar phenocrysts in the younger 
phases of granitoids may point to moderate water content of the melts 
because at intermediate water contents below saturation levels, alkali-
feldspars will grow at a faster rate than the plagioclase or quartz 
(Swanson, 1977). Early crystallization of hornblende and biotite and 
lack of pyroxenes have been interpreted to be suggestive of water 
content greater than 4 or 5% in the melt (Noyes et al, 1983). The 
strongly perthitic nature of the K-feldspars may indicate the emplacement 
of the granitoids at a medium crustal level of 10-12 km (Poli and 
Tommasini, 1991). Plots of granitoids of M parameter against Zr, 
where M=cationic (Na+K+2Ca)/(Si. Al), are shown in Fig. 46 (after 
Watson and Harrison, 1984). Isotherms of magmas saturated with 
zircon are also displayed in the figure. The plots of granitoids cluster 
within 800°C and 930°C isotherms. The higher M values (>1) of the 
hornblende granitoids are consistent with complete solubility of zircon 
in the melt at magmatic temperatures (Watson and Harrison, 1984), 
Fractional Crystallization 
The variation of major elements against SiO^ (Fig. 40 ) display 
smooth trends broadly consistent with evolution of magma by fractional 
crystallization process. Crystal fractionation produces curved trends 
as a consequence of systematic adjustment of compositions of the 
phases which form solid solutions. Rayleigh fractional crystallization 
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can produce straight line trends on bivariate diagrams only if the bulk 
distribution coefficient of the two elements involved are same and if 
there is no change in the fractionating mineral phases (Poli and 
Tommasini, 1991). Although some curved as well as straight line 
trends in major elements vs. Si02 diagram (Fig. 40) can be discerned, 
a fractional crystallization process may not be considerd to be 
dominant process for the evolution of the massif because the trace 
elements do not show continuous and smooth variation trends (Fig 41) 
which is expected for a composite massif evolved by fractional 
crystallization process from a common parent magma. The evolution 
of the granitoids by fractional crystallization process is also discarded 
from other observations which include the predominance of 
monzogranite in association with minor quartz diorite and absence of 
syn-plutonic basaltic rocks. The long geological time span (2.5-2.2 
Ga) for different granitoid phases does not favour a fractional 
crystallization process involving same parental magma. 
On Zr vs. Ti02 diagram (Fig. 42), the trend of plots of hornblende 
granitoids is not similar to the trends shown by the rest of the 
granitoids. This indicates that the whole massif could not have evolved 
from a common parental magma. Perhaps the hornblende granitoids 
like the mafic magmatic enclaves represent unrelated magma type and 
are derived by partial fusion of upper mantle. The broad gentle slopes 
on Co vs. Th, Rb, Ta diagram (Fig. 47) and Rb vs. Sr diagram (Fig 43) 
are inconsistent with fractional crystallization as a process for the 
evolution of granitoids. The REE patterns are also not suggestive of a 
model of fractional crystallization involving a common parental 
magma for the evolution of the massif. However, fractional 
crystallization may have played an important role within an individual 
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granitoid phase as evident from TiO^ vs. Zr (Fig. 42), Sr vs. Rb and Ba 
(Fig. 43) plots. 
Two End-Member Mixing 
The linear to near-linear trends of the major elements of the 
Bundelkhand massif on element-element diagram (Fig. 48) may be 
indicative of magma mixing. Following the simple two end-member 
mixing model of Langmuir et al. (1978), a set of diagrams (Fig. 48 ) 
have been utilized. These diagrams are based on trace element ratios 
vs. trace element concentration e. g. Rb/Sr vs. Sr and Co/Th vs Sr; 
corresponding "companion" plots e.g. Rb/Sr vs. 1/Sr and Co/Th vs. 1/ 
Th have also been constructed (Fig. 49). Although plots of Rb/Sr vs 
Sr display hyperbolic trend consistent with simple two end-member 
mixing, such trends for other parameters are not observed. Neither any 
hyperbolic trend for Co/Th vs. Sr plots nor the straight line trend for 
companion plots (Rb/Sr vs. 1/Sr and Co/Th vs. 1/Th) can be distinctly 
discerned from Fig. 48. As such a simple two end- member mixing 
model does not seem to be the main process of the evolution of massif. 
Trace element ratio vs. trace element plots are useful for assessing the 
concentration of an element from the asymptote to the hyperbola if the 
curvature of the hyperbola is not very large. Thus, from the asymptote 
of Rb/Sr vs. Sr plots (Fig. 48 ), it is estimated that Sr concentration in 
the liquid end -member may be about 50 ppm. 
Although hyperbolic trend in Rb/Sr vs. Sr diagram (Fig. 48) is 
indicative of simple two end-member mixing, such hyperbolic trends 
and straight line trend in "companion'' plot are not observed for other 
elements e.g. Co/Th vs. Sr, Rb/Sr vs. 1 /Sr and Co/Th vs. 1 /Th (Fig. 48) 
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Further, Langmuir et al. (1978) point out that even though samples may 
plot on the apparent mixing path, this does not prove that such process 
occurred. The simple two end-member mixing model is inconsistent 
with the great scattering of data, particularly of the trace elements on 
element-element plots (Fig. 41). 
Restite Unmixing 
The straight to near-straight line trends on bivariate diagram 
(Fig. 40) may be indicative of restite unmixing. A strong linear 
correlation for every element is implicit in restite model. White and 
Chappell (1977) have described a number of textural features of a 
number of phases which are thought to be restites. The best single 
evidence of the presence of restite is the irregular patchilly zoned and 
corroded plagioclase cores. They argue that other primary restite 
phases like clinopyroxene, hornblende, garnet, cordierite and 
orthopyroxene are most likely to be destroyed during slow cooling of 
a granitic pluton, whereas the restite plagioclase in all probability be 
preserved as cores since the plagioclase core is shelled from the system 
by zoning. Chappell et al. (1987) suggested that restite plagioclase 
tend to be unzoned because of slow and prograde metamorphism of the 
source rocks. However, the criteria for recognition of restite has been 
controversial. Wall etal. (1987) found that criteria for the recognition 
of restite phases are not unequivocal. 
Petrographically, no restite phase including restitic plagioclase 
have been observed in the granitoids; the plagioclase in the granitoids 
are typically zonqd. Large departures from linear correlation on 
element-element plot are observed. The scattering of majority of the 
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elements on covariate diagrams coupled with typical zoned plagiocle 
is not consistent with restite unmixing model. 
Partial melting, Assimilation-Fractional Crystallization 
Diagrams involving compatible-incompatible elements have 
widely been utilized to assess the relative importance of fractional 
crystallization and partial melting. Plots of compatible (Co) vs. 
incompatible elements (Th, Rb, Ta) for Bundelkhand granitoids are 
shown in Fig. 47 with the generalised fractional crystallization (FC) 
and assimilation-fractional crystallization (AFC) trends (insets) of 
Ayuso and Arth (1992). The elemental abundances of average lower 
crust (LC) and upper crust (UC) are also shown (Taylor and Mc 
Lennan, 1985) in Fig. 47. The plots on Fig. 47 define a broad gentle 
slope inconsistent with fractional crystallization and follow the trend 
of assimilation-fractional crystallization (AFC) with quartz gabbro as 
parent assimilating with rocks similar in composition of upper crust 
From the gentle slope on Rb vs. Sr diagram (Fig. 43), partial melting 
(PM) trend can be deciphered. Ba vs. Ni and Co plots (Fig. 49) for 
Bundelkhand granitoids correspondence to partial melting trend (Martin, 
1987). 
PETROGENESIS OF THE MAFIC MAGMATIC ENCLAVES 
The nature and origin of the enclaves in general and the mafic 
magmatic enclaves (MME) in particular has been a subject of great 
enigma. Different hypotheses have been put forward to account for the 
MME or microgranular enclaves as referred by Didier (1973). Chappell 
e( al. (1987) suggested that microgranular enclaves may represent 
restite or unmelted part of the source rock, whereas Vernon (1984) 
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considered them to be blobs of basic magma derived from the mantle 
Any mechanism to account for the origin of the mafic magmatic 
enclaves should incorporate field, petrographic and geochemical 
observations. 
The chondrite normalised (Sun and Mc Donough, 1989) multi-
element plots of the representative granitoids have been compared with 
those of the MME in Fig. 50. The enclaves are enriched in Ba, Rb, Sr, 
K and P. They are also enriched in LREE and contain higher amount 
of HREE (Fig. 44) than do their host granitoids. These features coupled 
with enrichment of Ba, Rb, Sr, K and P can be explained by metasomatic 
enrichment of mantle source by large ion lithophile elements, LREE 
and ?Py 
From field and petrographical observations, a restite origin of the 
enclaves is discarded. The enclaves have ellipsoidal shapes and 
exhibit fine grained textures. Extreme degree of fragmentation of the 
enclaves is observed. The enclaves display magmatic texture. Restite 
phase including restitic plagioclase cores has not been observed m 
enclaves. The zoned plagioclase alongwith other textural features 
including fine grain size, quench-like textures of the enclaves is 
inconsistent with a restite origin. The presence of acicular apatite in 
the enclaves may indicate undercooling (Reid et ah, 1983; Vernon, 
1983). These features favour a melt derived origin of the enclaves. 
Strong linear correlation for every element on bivariate diagrams 
which is implicit in the restite model is not observed. On Harkers 
variation diagrams (Figs. 40 & 41 ), large departures of the plots of 
enclaves from linear trends are observed. The scattering of majority of 
the elements in covariate diagrams can not be explained by the restite 
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unmixing model. The scattering shown by the enclaves and the hosts 
may be due to the chemical potential gradients of the enclaves and the 
host magma interface; the extent of attainment of chemical potential, 
in turn, depends on the size of the enclaves and the compositional 
difference of the host and the enclaves (Dorais et al, 1990). A non-
restite origin of the MME of Bundelkhand granitoids have been 
proposed by Mondal and Zainuddin (in press) from field, petrographic 
and geochemical observations. 
It is suggested that basic rock produced by partial melting of 
mantle wedge which was enriched by subduction zone components was 
ripped off and carried by granitic magma. The caught up basic rock 
represents mafic magmatic enclaves within the batholith.The properties 
and distribution of the enclaves can be understood by applying fractal 
geometry (Mandelbort, 1982) and chaotic theory (Ottino, 1989). 
POSSIBLE SOURCE REGION 
A number of samples of hornblende granitoid have very low 
values of Rb/Sr indicative of derivation from mantle source. Some of 
the hornblende granitoids and biotite granitoids are metaluminous and 
have I-type characteristics and have probably formed by partial fusion 
of an igneous protolith. These granitoids also exhibit cafemic magmatic 
associations. The cafemic magmatic associations are believed to have 
been produced exclusively from mantle source or hybrid source of the 
mantle and crust with major contributions coming from the mantle 
(Debon and Le Fort, 1982). Thus it seems that the hornblende granitoids 
are produced either from mantle or from a hybrid source with major 
contributions from mantle. 
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A few samples of the biotite granitoids and leucogranitoids 
exhibit peraluminous geochemistry. The peraluminous nature of the 
granitoids is probably not due to derivation from sedimentary protolith 
as the mineral assemblages of the granitoids do not support a sedimentary 
parentage. The peraluminous nature is explained by greater degree of 
assimilation of crustal rocks during late stage. Early crystallization of 
hornblende, which is a crucial mineral in Bundelkhand batholith may 
explain the peraluminous nature of the later phases of the granitoids. 
The Y/Nb ratio of the granitoids of Bundelkhand massif is m 
general greater than 1.2 which is a characteristic geochemical feature 
of magmas derived from sources chemically similar to island arc or 
continental margin basalts (Eby, 1990). The depleted nature of the 
granitoids in terms of high field strength elements (HFSE) may suggest 
refractory Ti-bearing residual phase in the source (Briqueu et al., 1984; 
Arculus and Powell, 1986). Lower concentration of Nb can be 
accounted for by retaining hornblende and garnet in the source during 
partial melting. 
CHAPTER - VI 
TECTONIC SETTING 
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TECTONIC SETTING 
A huge batholithic body like that of Bundelkhand massif in the 
heart of peninsular India is very significant with regard to its evolution 
from tectonic point of view. The Son-Narmada lineament which lies in 
close proximity of the massif (Fig. 2) may have some important bearing 
on the evolution of the massif. There has not been any significant study 
on the tectonic evolution of the massif. In this chapter, an attempt has 
been made to elucidate the tectonic environment of emplacement of the 
granitoids employing geochemical signatures. 
Several attempts have been made to discriminate granitoids of 
different tectonic setting based mainly on some critical trace elements 
since major element concentrations of granitoids from different tectonic 
environments exhibit gross similarities. Besides, the major elements 
being very mobile, any inference on the mode of emplacement of 
magma based on their concentrations may not be reliable. Majority of 
tectonic discriminant diagrams are drawn empirically from the study of 
the geochemical characteristics of rocks of known tectonic setting and 
later these diagrams are extrapolated to understand the geodynamic 
environment of other rocks (Pearce ^?«/., 1984; Harris e/o/. , 1986). 
Pearce et al. (1984) have empirically drawn tectonic 
discrimination boundaries using some trace elements and then correlated 
them with geochemical modelling to have a theoretical relevance. Four 
main groups have been identified by Pearce et al. (1984): (i) ocean 
ridge granite (ORG), associated with ophiolite or belongs to oceanic 
crust (ii) volcanic arc granite (VAG)-fromed from subduction of 
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oceanic crust (iii) within -plate granite (WPG)-anorogenic granite and 
(iv) collision granite (COLG)-evolved as a consequence of continent-
continent, arc-continent or arc-arc collision. Samples of different 
types of granitoid were plotted on a number of tectonic discrimination 
diagrams (Fig. 51 ) of Pearce et al. (1984) based on Rb vs. Y+Nb, 
Yb+Ta and Nb vs. Y. Majority of the samples plot in the volcanic arc 
granite (VAG) field on these diagrams. On Si02 vs. Rb diagram (Fig. 
52 ), the granitoids plot in the fields of volcanic arc granite (VAG) and 
syn-collision granite (syn- COLG). The hornblende granitoids 
are confined to VAG field, whereas the biotite granitoids and the 
leucogranitoids occupy both the fields of VAG and syn- COLG. 
Harris et al. (1986), based on the systematic geochemical study 
of intermediate and acid intrusives, have recognised four groups of 
tectonic environment: (i) pre-collision volcanic arc granitoids (VAG), 
termed Group I intrusions, mostly derived from mantle, modified by 
subduction (ii) syn-collision peraluminous intrusions, referred to as 
Group II intrusions (iii) late or post-collision calc-alkaline intrusions, 
termed Group III intrusions and (iv) post-collision within- plate 
intrusions or Group IV intrusions. Group II granites which are syn-
collision peraluminous granites contain restricted high range of SiO^ 
and are generally enriched in Rb and depleted in HREE, Y, Zr and Hf. 
On SiO, vs. Rb/Zr diagram (Fig. 52 ), which is an effective discriminant 
diagram separating volcanic arc granite and Group III granite from 
Group II granite, the Bundelkhand granitoids plot in the combined field 
of VAG + Group III granites. 
Multi-element normalised diagrams are very useful to discriminate 
granitoids of different tectonic setting. Such diagrams have been 
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Fig. 52 : Rb/Zr vs. SiO^ (Harris et al., 1986) and Rb vs. SiO^ plots (Pearce et al.. 
1984) for Bundelkhand granitoids. Fields : VAG volcanic arc granite. 
Group II syn-orogenic granites. Group 111 post-tectonic granites, Syn-
COLG syn-collision granite. Symbols : as in Fig. 51. 
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constructed following the scheme of Pearce et al. (1984); the ordering 
of the elements in the diagram is broadly in accordance with their 
relative incompatibility during mid-oceanic-ridge basalt genesis. The 
samples have been normalised to a hypothetical ocean ridge granite 
(ORG) composition (Pearce e?fl/., 1984). The Bundelkhand granitoid 
series have similar patterns of volcanic arc granite marked by enrichment 
of K p , Rb, Ba, and Th relative to Ta, Nb, Hf, Zr with significant low 
values of Y and Yb (Fig. 53). The normalised patterns of the granitoids 
of Bundelkhand massif closely correspond to those produced by 
volcanic arc granitoids; however, some of the biotite granitoids and the 
younger leucogranitoids exhibit similarity with collision-related 
granitoids (Fig. 53, inset). A low value of Y and Yb compared to the 
normalising values is a significant feature of the patterns. These 
characteristics, coupled with the selective enrichment of Ce and Sm 
relative to Hf and Y, depletion of Y and Yb and pronounced high Nb 
and minor Hf and Zr troughs indicate a volcanic arc affinity of the 
Bundelkhand granitoids.The volcanic arc tectonic setting of the 
granitoids is also evident from the ORG normalised geochemical 
patterns ; the patterns correspond to those of a volcanic arc (Fig. 54, 
inset) as observed by Harris et al. (1986). 
Arc Maturity 
Studies of igneous rocks in modern continental margin erogenic 
belts have revealed a temporal as well as spatial geochemical zonation. 
If the Bundelkhand batholith represents a volcanic arc magmatism, the 
arc may exhibit maturity with respect to time and space in relation to 
subduction margin. With a view to understand and ascertain such 
trends, studies have been undertaken to determine the variation in the 
chemistry of the granitoids at intervals across the collision boundary. 
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Brown et ah (1984) have made provisonal comparisons of 
different subduction-related suites and utilized some trace element 
abundances and ratios, which are less affected by fractionation, to 
distinguish plutonic rocks from different arc environments. They have 
distinguished three types of granitoid bearing arcs: (i) primitive island 
and continental arcs, mainly dominated by calcic metaluminous 
granitoids (ii) normal continental arcs with abundance of calc-alkaline 
metaluminous to peraluminous suites and (iii) mature continental arcs 
which are alkali-calcic and peraluminous, often associated with two-
mica granitoids. 
Several approaches have been undertaken to envisage the 
geochemical arc maturity trends. The calc-alkali index, defined by 
CaO/(Na20+K20), is an useful parameter to discriminate calc-alkaline 
(compressional) field from alkali-calcic (extensional) field and has 
widely been used to identify tectonic environments (Christainsen and 
Lipman, 1972;Brovm, 1979; Petro ^fa/., 1979). The granitoids of the 
Bundelkhand massif on calc-alkali ratio vs. Si02 diagram show a 
progressive change in composition from calc-alkaline to alkali-calcic 
from southern to northern part of the massif (Fig. 55). Rocks of 
southern region are predominantly calc-alkaline, whereas those of the 
northern region are dominantly alkali-calcic. This change in composition 
from calc-alkali to alkali-calcic is compatible with increase in arc 
maturity (Brown, 1982). 
Brown et al. (1984) have proposed a primordial mantle (PM) 
normalised (Wood, 1979) trace element spidergram to illustrate the 
trends with increasing arc maturity. The major trends with increasing 
arc maturity for a number of elements have been shown by arrows at the 
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Fig. 54 Ocean ridae granite (ORG) noraialised muUi-elements patterns, ot 
Bundelkhand granitoids. Inset sliowing tlie patterns of volcanic arc 
granitoids (VACi) is from Harris et al. (1986). 
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top in Fig. 56 B. Granitoid samples from different parts of the massif 
have been plotted on this diagram (Fig. 56 A) to determine possible arc 
maturity trends. Increasing maturity trends from southern part to 
northern part of the massif can be deciphered from the diagram. 
It is observed that the granitoids from northern region which are 
predominantly alkali-calcic show marked depletion in Ba, Sr, P and Ti 
compared with those from southern region which are predominantly 
calc-alkaline in nature (Fig. 56). Such trends are compatible with 
increasing arc maturity (Brown et ai, 1984). The depletion in Ba, Sr, 
P and Ti in the mature arc may arise from greater degree of fractionation 
of plagioclase, alkali-feldspar and Fe-Ti oxide, whereas the general 
increase in incompatible elements, like Rb, Th, U andNb in mature arc 
may be due to increasing assimilation-fractional crystallization (AFC), 
since the magma, as the arc matures, traverse through increasingly 
thick crustal rocks (Brown et ah, 1984). Rb, Th, and U which are 
strongly lithophile elements show an enrichment trend from southern 
region to northern part of the Bundelkhand massif (Fig. 56). Such 
enrichment trends, for a subduction related environment, have been 
ascribed to addition from subduction zone component and sometimes 
to continental crustal components (Saunders e?a/., 1980; Saunders and 
Tarney, 1982). 
On Rb/Zr vs. Nb and Y diagram (Fig. 57), the granitoids follow 
the trend of increasing arc maturity. The increase in Nb at a given Rb/ 
Zr may be due to contribution from within-plate mantle sources (Brown 
etal, 1984). They opine that as the arc matures and magma generation 
migrates from active subduction zone to rear regions of subduction, the 
influence of a within-plate mantle source becomes evident. Subduction 
related source variation trends are depicted from Th vs. Ta diagram 
108 
Z 
o 
o 
UJ 
Q: 
z 
Q: 
u —• V 
UJ 
I 
t- / 
(T / 
o / 
z / 
1 1 
Al\.\\- ::^i^ jT 
/ / / — 
1 1 1 
?•-• 
o 
o 
Kf\ 
O 
in 
d in d 
I 
o 
T 
in 
T 
0 ' X + O'ON 
ODD 
0 l 5 o | 
003 
015 0 | 
= O 
[/) K: 
• • E 
O P 
•^ C 
^ P 
OC v; 
5 « 
en c 
° i 
— <*. 
c c 
SI 
> -= 
re X 
IT, 
IT, 
M 
109 
(Fig. 57). Both these elements are enriched in within-plate magma and 
maintains a roughly equal proportion. Subduction process selectively 
enriches Th, and not Ta, whereas assimilation-fractional crystallization 
(AFC) enriches both Ta and Th and depending on the rate of assimilation/ 
crystallization, a trend in between the within-plate source variation and 
subduction-related source variation is formed (Brown et al, 1984). 
The Bundelkhand granitoids show a selective enrichment of Th in 
comparison to Ta and follow the trend of subduction related source 
variation (trend 2) in Fig. 57. 
Discussion 
The Ben Ghnema batholith which is calc-alkaline in nature has 
been inferred to be subduction related (Rogers, et al. 1978). Similarly, 
the predominantly calc-alkaline nature of the Bundelkhand granitoids 
may indicate its subduction related environment. On the bases of field 
and geochemical features akin to volcanic arc granitoids, it is proposed 
that the granitoids of Bundelkhand massif represent an arc-related 
tectonic setting associated with subduction of an oceanic plate under 
a continental plate (Fig. 58). The continental crust thickened in the 
northward portion of the massif where the basement gneisses are 
exposed, whereas in the southern portion of the massif, predominantly 
oceanic environment existed. The gravity high along the southern 
margin of the massif (Verma and Banerjee, 1992) which possibly 
indicates obduction of ophiolite (Sharma and Rahman, 1993) and the 
mafic-ultramafic suites in the southern margin of the massif further 
support the existence of an ocean and consequent subduction of the 
ocean from the southern portion of the massif. 
It is observed that the massif exhibits temporal as well as spatial 
maturity trends. Rocks far away from the southern margin of the massif 
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are more silicic than their counterparts in the southern region. A change 
in composition from calc-alkahne to alkali-calcic with the increasing 
distance from the southern margin of the massif can be deciphered from 
the calc-alkali ratio vs. SiOj diagram. Such trends can be observed 
from the Rb/Zr vs. Nb and Y diagrams. Primordial mantle normalised 
spidergram also corroborates the maturity trends. Many orogenic belts 
exhibit close association, in terms of space and time, of calc-alkaline 
and alkaline magmas (Bonin, 1990). 
There seems to be a spatial change in tectonic style of the 
emplacement of the Bundelkhand granitoids. The granitoids from the 
southern region of the massif exhibit predominantly compressional 
environment, whereas those of the northern region show extensional 
enviroimient. Extension in a convergent margin is generally associated 
with either intra-arc rifting or back-arc spreading. To account for the 
change in tectonic style from compressional (calc-alkaline) to 
extensional (alkali-calcic), a low angle of subduction can be postulated. 
It is proposed that an ocean existed in the southern portion of the massif 
where volcano-sedimentary rocks including banded iron formations 
were deposited. Subduction and consequent melting of this oceanic 
plate gave rise to the Bundelkhand complex. Initially the dip of the 
subduction slab is inferred to be shallow like the one in "ice-floe'' 
tectonics as proposed for the Laramide orogeny (Rodgers, 1987). 
Later the dip of the subducting slab, as the subduction ceased, steepened 
and as a result extension took place far away from the southern margm 
of the massif resulting in the intrusion of alkali-calcic magma. 
The apparent lack of features like typical ophiolite, blue schist 
facies metamorphism and continental margin sedimentary sequence 
which are generally assoicated with a compressional environment, can 
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be accounted for by invoking "A-subduction" (Kroner, 1981) in which 
a subcontinental lithosphere sinks in an ensialic environment. The 
Proterozoic mafic dyke swarms have been linked with A-subduction 
where the source of the dykes is thought to be mafic material emplaced 
mto a rheological weak zone in the lithosphere and later the mafic 
material transforms to eclogite and initiate A-subduction (Tarney, 
1992). Such an environment has also been advocated to explain the 
abundance of dykes near subduction margin (Tarney, 1992). The 
apparent absence of typical ophiolite, blue schist metamorphic rock 
and abundance of mafic dykes in the southern margin of the Bundelkhand 
massif may point to possible A-subduction environment operating 
during Archean in the southern portion of the massif. 
SUMMARY 
AND 
CONCLUSION 
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SUMMARY AND CONCLUSION 
The Bundelkhand massif of late Archean to Paleoproterozoic age 
occupies an area of about 26,000 sq km in the central part of Indian 
peninsula. The massif is a composite body composed mainly of 
granitoid rocks. It is overlain by the younger rocks of Bijawar and 
Vindhyan groups and Indo-Gangetic alluvium. The massif is traversed 
by a number of quartz veins and basic dykes. Previous investigations 
on the massif have mainly been restricted to the determination of the 
petrological diversity of the massif. Very little work has been undertaken 
to understand the petrogenesis of the granitoids. The basement into 
which the granitoids were emplaced has remained poorly defined. 
Significant effort has not been undertaken to elucidate the geodynamic 
setting of this region. 
The present work involves studies to determine the nature and 
origin of the granitoids and the basement complex. An attempt has been 
made to decipher the tectonic evolution of the massif. Geochemical 
characteristics of temporally and spatially distributed granitoids of the 
massif were correlated. Nature and possible origin of the mafic 
magmatic enclaves which are very wide spread within the massif have 
also been studied. 
The geology of the Bundelkhand region is complex because 
the massif represents a protracted history of evolution with 
contrasting petrological units. The dominant petrological episode 
has been the series of granitoid magmatism which in all probability 
has obliterated the earlier events. On the bases of field relations. 
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three genetically and compositionally distinct granitoid phases have 
been deciphered and delineated, they are hornblende granitoid, biotite 
granitoid and leucogranitoid, in order of age. 
The granitoids were emplaced into a basement consisting of 
gneisses, migmatites, banded iron formations with other metasediments, 
basic to felsic volcanics etc. which probably constituted an Archean 
greenstone belt. In the southern margin of the massif, ultramafic rocks 
are exposed. The banded iron formations are unevenly distributed, 
whereas the gneissic rocks are mainly exposed in the northern parts of 
the massif. The banded iron formations as well as the gneissic rocks 
are intensely deformed. The intruding granitoids are generally 
undeformed which indicates that the granitoids were emplaced in an 
already deformed basement. 
Field evidence support an igneous origin of the granitoids; any 
evidence favouring metasomatic or metamorphic origin of the granitoids 
has not been observed. Although the granitoid plutons are mostly 
underformed, at places they have suffered shearing and have acquired 
foliation. 
Hornblende granitoid, a dark coloured hornblende bearing rock, 
is the oldest granitoid unit of the massif. The granitoid is very massive 
and compact, the grain size is coarse and uniform. The high concentration 
of ferromagnesian phases imparts dark colour to the rock. The biotite 
granitoid, a medium to coarse grained pink coloured rock, is intrusive 
into hornblende granitoid. The main ferromagnesian phase of biotite 
granitoid is biotite. The rock exhibits porphyritic texture; the 
phenocrysts are mainly feldspars. The leucogranitoid is the youngest 
granitoid phase of the massif, it is greyish white to greyish pink in 
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colour. The grain size of the granitoid phase varies from fine to coarse 
and contain minor amount of ferromagnesian constituents. 
The Bundelkhand massif hosts a number of mafic magmatic 
enclaves which vary greatly in terms of shape, size, orientation and 
composition. The mafic magmatic enclaves (MME) are always finer 
than their host granitoids and are mostly ellipsoidal in shape; they 
range widely in size from few millimetres to few metres. Contact of 
MME with the host granitoids is mostly sharp. Interaction between the 
enclaves and the host granitic magma is exhibited by diffuse contacts 
of the enclaves with the host granitoids at some places. Extreme degree 
of fragmentation of the enclaves is also observed. The MME does not 
appear to be part of disrupted basic dykes. 
The Bundelkhand granitoids are all one-mica granitoids containing 
biotite only in addition to quartz, plagioclase and K-feldspars. 
Hornblende is present only in the two older varieties, i.e. hornblende 
granitoid and biotite granitoid. Apatite, zircon, sphene and magnetite 
are common accessories. The secondary minerals are represented by 
chlorite, epidote and sericite. There is petrographic evidence of 
limited grain-boundary-controlled alteration. 
The different types of granitoid have generally similar mineralogy; 
however, the difference in relative proportion of various phases is 
observed. The older hornblende granitoid and biotite granitoid have 
higher modal proportion of ferromagnesian minerals and plagioclase. 
In younger leucogranitoid, ferromagnesian constituents are negligible; 
hornblende is totally absent, whereas biotite is rare or occurs as traces 
The content of K-feldspars and quartz concomitantly increases in 
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leucogranitoid. Magnetite when present occurs in general in association 
with hornblende and biotite. 
The mafic magmatic enclaves (MME) are composed of pyroxene, 
hornblende, plagioclase and magnetite; K-feldspars are rare. MME 
have higher content of ferromagnesian phases and plagioclase and 
lower content of quartz and K-feldspars than do their host granitoids. 
Apatite, in general is acicular in MME, but is stubby in host granitoids 
The enclaves display magmatic texture. The restite phase has not been 
observed either in granitoids or in MME. 
The granitoids cover large compositional spectrum on the lUGS 
(modal) classification scheme. The hornblende granitioids are restricted 
to quartz diorite and quartz monzodiorite fields, whereas biotite 
granitoids are concentrated within tonalite and monzogranite fields; 
the leucogranitoids are clustered within monzogranite and syenogranite 
fields. The granitoids as a whole define a calc-alkaline granodiorite 
(medium-k) trend on quartz-alkali feldspar and plagioclase diagram. 
Bundelkhand granitoids closely correspond to I-type in terms of 
the concentrations of highly charged cations e.g. Zr, Ce, Nb, Y, Ga and 
Al with affinities towards A-type. From A/CNK values of the 
granitoids which range from 0.4 to 1.4, it may be inferred that the 
granitoids have both I- and S-type affinity. Other I-type features of the 
granitoids include presence of CIPW normative diopside or <1 % CIPW 
normative corundum and absence of muscovite, whereas the S-type 
characters include > 1 % CIPW normative corundum. It may be concluded 
that the Bundelkhand granitoids have I-, S- and A-type characteristics; 
a number of hornblende granitoids have very low values of Rb/Sr 
indicative of M-type granites. One plausible explanation for the 
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apparently contradictory 1- and S-type characters of Bundelkhand 
granitoids may be that the granitoids seem to have formed by partial 
fusion of an igneous protohth and as a consequence the granitoids 
acquired I-type features. At a later stage the magma may have 
undergone assimilation of country rocks thereby masking the I-type 
characters with S-type. A-type characters may be due to increasing 
mantle contributions at the later stage of granitoid formation 
Majority of the granitoids plot in the calc-alkaline field on AFM 
diagram and on the ternary diagram based on the cation per cent of Al, 
Fe + Ti and Mg Calc-alkaline trend of the granitoids is also evident 
from K-Na-Ca diagram. Mafic magmatic enclaves show alkaline 
affinity on AFM diagram. On R1-R2 multicationic diagram, the 
majority of the samples are alkali-calcic. However, different granitoid 
types of the massif range from calcic through calc-alkaline to alkali-
calcic On "characteristic minerals" or "A-B" diagram, the Bundelkhand 
granitoids correspond to cafemic to alumrno-cafemic magmatic 
associations. 
Almost all major elements exhibit linear to near-linear trends 
against SiO^ A wide scattering is observed for all the trace elements 
on Marker's diagram The curved trend on CaO vs. SiO^ and positive 
correlation on CaO vs Sr may indicate plagioclase fractionation 
Negative correlation of elements like CaO, MgO, Fe^OjCT), TiO^ and 
Cr with SiO, and positive correlation of K^O and Rb with SiO^ are 
indicative of hornblende fractionation. Further, the decreasing Sc 
content with increasing SiO^ is also indicative of amphibole 
fractionation Thcmter-elemental relationship of Rb and Sr contents 
of the granitoids may be correlated with biotite and plagioclase 
fractionation The variation trends of Sr vs Ba reflect biotite and K-
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feldspar fractionation. Two distinct trends can be discerned from TiO, 
vs. Zr diagram. The trend shown by hornblende granitoids is consistent 
with biotite fractionation, whereas the rest of the granitoids correspond 
to fractionation trends produced by plagioclase plus biotite and/or 
hornblende. K/Rb values for different phases of Bundelkhand granitoids 
range from 95 to 373 which, in general, is compatible with calc-alkaline 
suites elsewhere. 
The granitoids as well as the enclaves display greater variability 
in REE fractionation; both of them exhibit LREE enrichment. The Yb 
contents of the hornblende granitoids are similar to the classical 
Archean tonalite, trondhjemite, granodiorite suites having low Yb 
content (Ybj^<8.5), whereas the biotite granitoids and the 
leucogranitoids, in respect of Yb content are more similar to post-2.5 
Ga granitoids emplaced in subduction zone environment where Yb 
content is high 4.5<Yb^<20. Almost all the samples have negative Eu 
anomalies except for a few which have either no anomaly or slight 
positive Eu anomaly. The fractionated REE patterns and HREE 
depletion may point to the retention of garnet and/or hornblende in 
residue. The REE patterns of the biotite granitoids and leucogranitoids, 
in general, closely correspond to those of calc-alkaline intermediate 
volcanic rocks of continental margin geodynamic setting. 
Plots of normative composition on the Qz-Ab-Or diagram are 
concentrated away from Or-apex. Majority of the biotite granitoids 
and leucogranitoids plot between cotectic 1 and 4 Kb water vapour 
pressure, wheras the hornblende granitoids mostly plot well below 4 
Kb cotectic curve.* The granitoids define a path which is very close 
to the experimentally determined path followed by a trachytic liquid 
fractionating a single feldspar and evolving towards a quarternary 
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minimum. Early crystallization of hornblende and biotite, lack of 
pyroxenes and presence of alkali-feldspar phenocrysts may point to 
greater than 4 or 5% water content in the melt. The M parameter of 
Watson and Harrison (1984) indicate 800°C to 930°C temperature for 
the formation of the granitoids. 
Although smooth variation trends of major elements against SiO^ 
are broadly consistent with the evolution of magma by fractional 
crystallization process, it may not be considered to be the dominant 
process for the evolution of the massif because the trace elements do 
not show continuous and smooth variation trends expected for a 
composite massif evolved by fractional crystallization from a common 
parent magma. The fractional crystallization process is also discarded 
from other observations which include the predominance of 
monzogranite in association with minor quartz diorite. The long 
geological time span (2.5-2.2 Ga) for different granitoid phases does 
not favour a fractional crystallization process involving same parental 
magma. On Zr vs. TiO^ diagram, the trend of plots of hornblende 
granitoids does not coincide with the trend shown by the rest of the 
granitoids thereby indicating that all the granitoid types are not 
comagmatic. Further, the broad gentle slopes on Co vs. Th, Rb and Ta 
diagrams, on Ba vs. Ni and Co plots and on Rb vs. Sr diagram are 
inconsistent with fractional crystallization. However, fractional 
crystallization may have played an important role within an individual 
granitoid phase. 
Although the samples sometimes plot along the predicted trends, 
the granitoids do not always follow the mixing model. Moreover, the 
simple two end-member mixing model is hard to reconcile with the 
great scattering of data, particularly of the trace elements on element-
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element plots Restite unmixing model also does not seem to be a viable 
mechanism since the strong linear correlation for every element on 
element-element diagrams which is implicit in restite model is not 
observed for the granitoids No restite phase has also been observed 
Plots of compatible (Co) vs incompatible elements (Th, Rb, Ta) 
of Bundelkhand granitoids define a broad gentle slope closely following 
the assimilation-fractional crystallization trends From the gentle 
slope of Rb vs Sr, partial melting trend can be deciphered It may be 
concluded that the dominant process for the evolution of the granitoid 
massif is partial melting, the magma at a later stage may have undergone 
assimilation-fractional crystallization 
The mafic magmatic enclaves are enriched in Ba, Rb, Sr, K and 
P They are also enriched in LREE and contain higher amount of HREE 
than do their host granitoids These features coupled with enrichment 
of Ba, Rb, Sr, K and P can be explained by metasomatic enrichment of 
mantle source by large ion lithophile elements, LREE and P^O^ It is 
suggested that basic rock produced by partial melting of mantle wedge 
which was enriched by subduction zone components was ripped off and 
carried by granitic magma The caught up basic melt represents mafic 
magmatic enclaves within the massif From field, petrographic and 
geochemical observations, a restite origin of the enclaves is discarded 
Samples of different types of granitoids were plotted on a number 
of tectonic discrimination diagrams based on Rb vs Y + Nb, Yb + Ta 
andNbvs Y Majority of the samples plot in the volcanic arc granite 
field on these diagrams On SiO, vs Rb diagram, the granitoids plot 
in the fields of volcanic arc and syn-collision granites On SiO. v s Rb/ 
Zr diagram, the Bundelkhand granitoids plot in the combined field of 
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volcanic arc granite and late or post-collision granite. The ocean ridge 
granite normalised spidergrams of the granitoids exhibit close 
resemblance with the patterns of volcanic arc granitoids. The patterns 
are marked by enrichment of Kfi, Rb, Ba, Th relative to Ta, Nb, Hf, 
Zr with significant low values of Y and Yb. 
The granitoids of the Bundelkhand massif show a progressive 
change in composition from calc-alkaline to alkali-calcic from southern 
region to northern part. This change in composition may reflect 
increase in arc maturity. Granitoids from northern region which are 
predominantly alkali-calcic show marked depletion in Ba, Sr, P and Ti 
compared to those from southern region which are predominantly calc-
alkaline in nature. Such trends are compatible with increasing arc 
maturity. The Bundelkhand granitoids show a selective enrichment of 
Th compared to Ta and follow the trend of subduction related source 
variation. 
On the bases of field and geochemical features akin to volcanic 
arc granitoids, it is proposed that the granitoids of Bundelkhand massif 
represent an arc-related tectonic setting associated with subduction of 
an oceanic plate under a continental margin. The gravity high along the 
southern margin of the massif which possibly indicates obduction of 
ophiolite and mafic-ultramafic suites in the southern margin of the 
massif which possibly indicate the existence of an ocean and consequent 
subduction of the ocean from the southern side of the massif. The 
apparent lack of typical ophiolite, blue schist facies metamorphic rocks 
and continental margin sedimentary rocks can alternatively be accounted 
for by involving "A-subduction" in which subcontinental lithosphere 
12A 
sinks in an ensialic environment. The mafic dyke swarms may also be 
related with A-subduction, where the source of the dykes is thought to 
be mafic material emplaced into a rheological weak zone in the 
lithosphere and later transforms to eclogite to initiate A-subduction. 
The abundance of mafic dyke swarms in the southern portion of the 
massif may point to possible A-subduction environment in the southern 
portion of the massif. 
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